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Abstract
With the recent increase of nanomaterial production, nano copper oxide (nCuO) and
surface-modified titanium dioxide nanoparticles (nTiO2) are among the most widely applied
nanoparticles in industry and daily lives. Their use has resulted in accumulation in soils as a
consequence of their direct or indirect release. Hence, these NPs may raise a potential risk to crops
cultivated in soils. Moreover, the physiological effects of nCuO on green onion (Allium fistulosum)
and surface-coated nTiO2 on full-grown carrot (Daucus carota L.) are still unknown. Green onion
is characterized by its high content of the antioxidant allicin, and carrot is a worldwide economic
and nutritionally important taproot crop. After environmental release, NPs may remain in the soil
for a long time and undergo surface chemical/physical changes. Currently, no studies have
addressed the soil weathering effects on the chemistry of surface-coated TiO2 and their
implications on belowground carrots. Thus, this research was aimed at evaluating the physiological
and biochemical responses of green onion and carrot plants after being exposed to nCuO and
surface-coated nTiO2, respectively.
This research was performed into three phases. In phase I, green onions were harvested
after growing for 80 days in soil treated with nano (nCuO), bulk (bCuO), and CuSO4 at 75–600
mg/kg]. Two-photon microscopy images confirmed the Cu uptake in nCuO and bCuO-treated
roots. Plants cultivated with soils at 150 mg/kg of the Cu-based compounds exhibited a higher root
Cu content when treated with nCuO, in comparison to bCuO, CuSO4, and control (p ≤ 0.05). The
nCuO increased root Ca and Fe, bulb Ca, and Mg, while bCuO reduced root Ca and Mg, compared
with controls (p ≤ 0.05). At all evaluated concentrations, nCuO and CuSO4 augmented leaf allicin
compared with control. The activity of antioxidant enzymes was differentially affected by the
treatments. In phase II, carrots grew in soils amended with nTiO2 at 0, 100, 200, and 400 mg/kg
for 115 days until plant maturity. Three types of nTiO2 in the form of pristine, hydrophilic, and
hydrophobic surface-coated were applied. The fresh biomass of the taproot was significantly
decreased by all nTiO2 forms at 400 mg/kg, compared to control. Remarkably, an abnormal
vii

increase of taproot splitting was found in plants treated with all nTiO2 forms. It was more
significant in plants exposed to pristine nTiO2 treatments. In carrots treated with the surface-coated
nTiO2, the accumulation of Ca, Mg, Fe, and Zn increased in leaves; but Mg, Mn, and Zn decreased
in taproots. In phase III, surface-coated nTiO2 were aged in the soil for four months at 0, 100, 200,
and 400 mg/kg, and their effect on carrot development was investigated. The aged nTiO2 with
surface coatings improved taproot and leaf fresh biomass, plant height, total taproot length, and
taproot top perimeter, compared to control. Hydrophilic and hydrophobic-coated nTiO2 showed
more stimulation effects on plant development. Moreover, changes in surface charges of aged
pristine, hydrophilic, and hydrophobic surface-coated nTiO2 were detected. Additionally, the
accumulation of nutrient elements such as Ca, Zn, and K in roots, Fe in leaves, and Mg in taproots
was enhanced by aged nTiO2.
Overall, our results demonstrated that nCuO improved the nutrient and allicin contents in
green onion, which suggests they might be used as a nanofertilizer. Meanwhile, the overall growth
of carrots was inhibited by the unaged nTiO2, while benefited by the aged nTiO2. The future
regulation of nTiO2 release into soils should consider its surface coating properties since plant
responses depended on the nTiO2 outer structure. These studies provide valuable insights into the
interaction of nCuO with green onion, and aged and un-aged surface-coated nTiO2 with carrots.
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Chapter 1: Introduction
Innovations in nanoscience have revolutionized technology, becoming one of the fastest
developing industry trends of the 21st century. The global market of nanotechnology was $10.6
billion in 2018 and is estimated to achieve $22.3 billion by 2024 (Tewari and Baul, 2019).
Nanoparticles (NPs) are defined by their small size with at least one dimension within 10-9 m,
which imparts unique physical and chemical properties, compared to larger bulk particles
(Zuverza-Mena et al., 2017). Engineered nanoparticles (ENPs) with these properties are designed
for specialized applications. The enhanced biocompatibility and reactivity of ENPs have allowed
their integration into the industry, consumer goods, medicine, and energy, among others
(Abdussalam-Mohammed, 2019; Ahmadi et al., 2019). There are also promising potential
applications of ENPs in agriculture (Chhipa, 2019; White and Gardea-Torresdey, 2018). Nanosized elements can function as fertilizers or pesticides that provide nutrition and combat
phytopathogens, respectively, in a variety of plant species (Huang et al., 2015; Liu and Lal, 2015).
Nanopesticides and nano fertilizers may be more efficient and might reduce application rates over
traditional products (Kah, 2015). Nonetheless, many studies have emerged reporting ENP-induced
toxicity. After use, a large number of ENPs are directly or indirectly released into the environment.
Soil and bodies of water are considered to be the most massive sinks for ENPs. This may threaten
agricultural ecosystems. There exists a need to understand the various effects of ENPs exposure to
plants, develop safety protocols for NPs applications and disposal in the agriculture field, and
enforce their proper regulation.
By 2010, the manufacturing of copper oxide NPs (nCuO), one of the most extensively
applied Cu-based materials, was higher than 200 metric tons per year (Keller et al., 2013a). CuObased NPs have been widely utilized in batteries, lubricants polymers, pigments, gas sensors, and
1

catalysts, among others (Anjum et al., 2015). Moreover, the production and use of nCuO in the
agrosystem are increasing (European Commission, 2018). The production of nano titanium dioxide
(nTiO2) is at the top list of the most manufactured ENPs worldwide (Mitrano et al., 2015; Piccinno
et al., 2012). The annual production of nTiO2 would nearly reach 2.5 million metric tons in 2025,
which would convert virtually 100% of the total TiO2 market to nano (Robichaud et al., 2009).
Production of TiO2 is mainly distributed into cosmetics (sunscreens), plastics, and coatings
(Piccinno et al., 2012). To improve the performance and to meet the demands from various
costumers, surface-modified nTiO2 surfaces have been widely used (Pancrecious et al., 2018).
Better appearance, properties, or advanced functionalities such as corrosion resistance, less
catalytic degradation, self-cleaning, and depolluting abilities are achieved in hydrophilic or
hydrophobic-coated nTiO2 (Bergamonti et al., 2015; Calia et al., 2017; Chen et al., 2019;
Colangiuli et al., 2019). Based on their exponential production, more massive releases of nTiO2 to
the environment are expected (Keller and Lazareva, 2014). The estimated emissions into soil and
water in 2010 were up to 23,130 and 36,664 metric tons/year, respectively (Keller and Lazareva,
2014). Additionally, some wastewater and sewage sludges, which contain TiO2, might be used to
treat agricultural soils (Cornelis et al., 2014). The interaction between coated nTiO2 and soil is
complicated due to the various soil components, including humic and non-humic compounds,
microbial community structure, soil ionic strength, among others (Fig. 1) (Rawat et al., 2018a).
Thus, the influence that TiO2 ENPs have on plants will depend on several factors, which include
surface coating properties (surface area, charge, hydrophilicity, and suspension stability), soil type,
plant species, growth stage, and exposure method (Tan et al., 2018).

2

Fig. 1.1 Factors that affect the fate and transport of ENPs in soil. Reproduced from Rawat
et al. (2018)

Previously, various studies have been done to investigate the effect of exposing nCuO and
nTiO2 to terrestrial plants. Servin et al. (2013) treated cucumber (Cucumis sativus L.) with 0 to
750 mg/kg nTiO2 in sandy loam soil and cultivated for 150 days. The μ-XRF and μ-XANES
analysis showed a root to fruit translocation without biotransformation of TiO2, which suggested
a potential risk to human health through the food chain. Moreover, nTiO2 at 750 mg/kg increased
chlorophyll concentration in leaves compared with control. The FTIR spectra suggested an
alteration of macromolecule contents (amide, lignin, and carbohydrates) in the fruit of cucumber
treated with nTiO2 (p ≤ 0.05). In addition, more K and P in fruit were found in plants treated with
500 mg/kg nTiO2, compared with control.

In another study, the impact of released nTiO2 on the

nutritional quality of lettuce (Lactuca sativa L.) was investigated (Hu et al., 2020). After
3

hydroponically exposing plants to nTiO2 suspensions at 0-400 mg/L for one week, the contents of
Ca, Mg, Mn, Fe, Zn, and B in lettuce edible tissues were negatively affected. On the other hand,
the root, shoot dry biomass, and pigment accumulations were significantly increased. Also, intense
oxidative stress resulted in cell structure damage of root cells and thylakoids. The potential positive
impact of applying nCuO in the agriculture field has been proposed. In a greenhouse experiment,
1-2 mL nCuO suspension at 500 mg/L was foliarly applied to 30-day-old tomato (Solanum
lycopersicum) seedlings (Ma et al., 2019). The Fusarium oxysporum f. sp. lycopersici infection in
plants was suppressed by this means, with increased plant growth. Three genes (Pathogenesisrelated promoters, polyphenol oxidase, and plant resistance protein 1A1) related to plant defense
were altered by nCuO treatments. A similar suppression effect was also found in watermelon
(Citrullus lanatus). At 1000 mg/L, a foliar application of nCuO suspension to watermelon
significantly repressed fungal disease induced by Fusarium oxysporum f. sp. Niveum (Borgatta et
al., 2018). In addition, nCuO acted as potential agricultural fertilizer has been suggested by Wang
et al. (2019) in the growth of lettuce (var. ramosa Hort.). Results showed that nCuO treatments
increased lettuce shoot biomass (by 16.3–19.1%), while bulk CuO did not. It may be due to the
enhanced plant photosynthesis system, with higher transpiration rate and stomatal conductance.
Scallion or green onion (Allium fistulosum), is used as an essential seasoning worldwide
(Tabassum et al., 2016). They have a high concentration of allicin, flavonoids, vitamins, as well
as other organosulfur compounds (Yin et al., 2003). Allicin, one of the most distinctive
organosulfur compounds, is responsible for the pungency and flavor in Allium monocotyledonous
flowering plants (Block et al., 1992). Additionally, scallions pose antioxidant and antibacterial
properties and have shown the potential to benefit the cardiovascular system (Chan et al., 2013).
In 2007, the top five producers countries (Japan, China, Republic of Korea, Nigeria, and New
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Zealand) registered together more than three million metric tons of scallions (“The Top 5 Green
Onion Producing Countries,” 2007). However, the scallion is not a very well-studied species in
the Allium family. The effect of nCuO exposure on the growth of green onion is unknown.
On the other hand, carrot (Daucus carota L.) are economically relevant root crops that
contain high nutritional value. Their 2018 annual total production was >2,450 million pounds in
the U.S., representing a market price of >670 million dollars (Parr et al., 2019). Vegetables
contribute to almost ~27% of the total consumed vitamin A in the U.S (Arscott and Tanumihardjo,
2010). The roots are the main consumed portion of many vegetables. Since they are in direct
contact with soil, they will interact with the soil-incorporated ENPs. Thus, there is a need to
investigate the effect of unaged/aged ENPs on the development of belowground crops through
combination testing strategies (Grindal et al., 2004). Currently, the studies evaluating the effects
of TiO2 ENPs on root vegetables are very limited. Additionally, the weathering effects of different
surface-coated nTiO2 in soil and their effects on plant development are still undescribed.
The two-photon microscopy is gaining attention to study the fate of ENPs (Deng et al.,
2020). Compared with other microscopy techniques such as scanning electron microscopy (SEM)
or transmission electron microscopy (TEM), the two-photon microscopy has the advantage of
penetrating the sample and view the internal structure via fluorescence. Additionally, samples are
easily prepared, with no further damage during the detection while operated at room temperature.
Since nCuO and nTiO2 have self-fluorescence, no further dying process is needed, which makes
nCuO and nTiO2 good candidates for a two-photon microscopy study.
In this work, there were three study phases. In phase I, the physiological and biochemical
effects of nCuO on green onion was studied. Green onions were harvested after growing for 80
days in soil treated with nano (nCuO), bulk (bCuO), and CuSO4 at 75–600 mg/kg. In phase II, the
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effects of different surface-coated nTiO2 on carrot plant development were investigated. Carrots
were grown in soils amended with nTiO2 at 100, 200, and 400 mg/kg for 115 days until full-plant
maturity. Three types of nTiO2 in the form of pristine and hydrophilic and hydrophobic surfacecoated were applied. In phase III, to investigate the effect of aging, differently surface-coated
nTiO2 were weathered in natural soil at 0, 100, 200, and 400 mg/kg for four months. Thereafter,
seeds of carrot (Daucus carota L.) were sown in those soils and grown until full maturity. In all
three phases, the agronomic parameters of plant growth and essential element accumulation were
determined. The penetration and uptake of nCuO/nTiO2 were obtained by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) and two-photon microscopy.

GENERAL OBJECTIVES
1. To evaluate the physiological and biochemical effect of nCuO on green onion plants
(Allium fistulosum).
2. To investigate the surface coating effect (pristine, hydrophilic, and hydrophobic) of
nanoTiO2 on the physiological and biochemical responses of carrot (D. carota L.)
grown in ENPs-amended soils.
3. To study the soil-weathering effect of different surface-coated nano TiO2 on carrot
plant development.

RESEARCH QUESTIONS
1. How will the allicin content in green onion be affected by nCuO exposure? What are
the changes in antioxidant enzymes that green onion plants will present?

6

2. How deep could nTiO2 penetrate into the main carrot root? Could they enter the inner
section?
3. Will the different coated-nano TiO2 undergo the same aging process? Will weathered
coated-nano TiO2 differently affect plants?
4. Is it necessary to regulate the use of nCuO/nTiO2? Do they have potential applications
in agriculture?

HYPOTHESIS
1. The exposure of nCuO will improve the development of green onion plants.
2. The nano TiO2 with the diverse surface coating will be differently uptaken by carrot,
and will affect plant development in particular forms.
3. The aging process will change the initial physiological and biochemical responses of
plants exposed to unaged ENMs.
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Chapter 2: Spectroscopic and Microscopic Studies Demonstrate Nutrient
Improvement in Green Onion (Allium fistulosum) Plants Exposed to CuO
Nanoparticles: Its Role as a Potential Nanofertilizer

2.1 INTRODUCTION
Metallic engineered nanoparticles (ENPs), such as nano silver (nAg), nano copper (Cu)
oxide (nCuO), nano copper hydroxide (nCu(OH)2), and nano cerium oxide (nCeO2), have
promising use in the agriculture (Iavicoli et al., 2017; Prasad et al., 2017; Servin and White, 2016;
White and Gardea-Torresdey, 2018). They can benefit agricultural productivity through
controlling pests, supplying nutrients, and suppressing plant diseases (White and GardeaTorresdey, 2018). It is estimated that from total nanoproducts production, nearly 9% may be used
in agriculture in the form of nanopesticides, nanoherbicides, and nanofertilizers, among others
(Iavicoli et al., 2017; Rai and Ingle, 2012; White and Gardea-Torresdey, 2018).
Nanoscale Cu materials reached a total global production of 200 tons in 2010 (Keller et al.,
2013b). The global market of nCuO was $24.66 million in 2015, and expected to reach $120.67
million by 2022 (“Nano Copper Oxide Market Size and Industry Forecast - 2022,” 2016).
Recently, nCuO was reported to be a potential pesticide to deal with fungi and bacteria (Adisa et
al., 2019; Huang et al., 2019; Zhang et al., 2018). As a result, the amount of nCuO in the
environment may increase. Previous studies on the interaction of nCuO with plants showed
species-dependent results (Du et al., 2019; Fatima et al., 2020; Shang et al., 2019). For instance,
the growth of duckweed (Lemna minor) was restrained after seven days of hydroponic exposure
to nCuO at 150 μg/L (Yue et al., 2018). Chloroplast and starch grain shrinkage were also found.
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However, a full life cycle study on soil-grown bell pepper (Capsicum annuum L.) revealed that
nCuO and bulk CuO particles (bCuO), at 125 to 500 mg/kg, did not change dry plant biomass,
foliar area, leaf pigments, and fruit yield (Rawat et al., 2018b).
Two-photon microscopy has shown many advantages in detecting ENPs in biological
samples (Bonilla-Bird et al., 2018). Compared with the scanning electron microscope or confocal
microscopy, it is capable of penetrating the sample and obtaining images deep from the surface up
to 1 mm. As previously shown, nCuO exhibited autofluorescence by two-photon laser excitation
(Bonilla-Bird et al., 2018), thus, this nanoparticles (NPs) is a good candidate to explore its uptake
mechanism by plant cells.
Scallion or green onion (Allium fistulosum), is used as an important seasoning worldwide
(Tabassum et al., 2016). They have a high concentration of allicin, flavonoids, vitamins, as well
as other organosulfur compounds (Yin et al., 2003). Allicin, one of the most distinctive
organosulfur compounds, is responsible for the pungency and flavor in Allium monocotyledonous
flowering plants (Block et al., 1992). Additionally, scallions pose antioxidant and antibacterial
properties and have shown potential to benefit the cardiovascular system (Chan et al., 2013). In
2007, the top five producers countries (Japan, China, Republic of Korea, Nigeria, and New
Zealand) registered more than three million metric tons of scallions (“The Top 5 Green Onion
Producing Countries,” 2007).
However, the scallion is not a very well-studied species in the Allium family. To the
authors’ best knowledge, only one study has been focused to evaluate the effects of ENPs on
scallion plants. This mentioned study reported an antimycotic effect of nAg against the fungus
Sclerotium cepivorum that impairs green onion plants (Jung et al., 2010). However, the uptake of
ENPs by scallion plants, the effects of ENPs on the nutrient elements, allicin, and antioxidant
15

species are still unknown. Thus, the aim of this study was to perform a full-lifecycle study to
examine the effect of Cu-based compounds on the nutrient element behavior, allicin content, and
enzyme antioxidant responses in scallion plants. The Cu uptake and nutrient element accumulation
on different parts of scallion were determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES). The root samples were screened by two-photon microscopy to observe
the penetration and retention of nCuO and bCuO. To the authors’ knowledge, this is the first report
that describes the effects of ENPs on allicin accumulation in plants.

2.2 MATERIALS AND METHODS
2.2.1 Preparation of nCuO2 amended Soil
The nCuO were obtained from the University of California Center for Environmental
Implications of Nanotechnology (UC-CEIN). Copper sulfate (CuSO4) and bCuO were purchased
from Sigma Aldrich (St. Louis, MO). Hong et al. previously reported the characterization data of
nCuO and bCuO, which can be found in Table S1 (Hong et al., 2015).
A mixing ratio of 2:1 by weight between nature soil and potting soil was used to ensure
optimum plant growth. Commercial Miracle-Gro® organic potting soil was purchased from a local
supermarket. Natural soil was collected at Socorro TX, USA, an agricultural land at latitude:
31°67′ N, longitude: 106°28′ W, and elevation: 1115 m asl. The soil was characterized previously
as medium loam (19% clay, 44% silt, and 36% sand; 2.8% organic matter, pH = 7.8 ± 0.02, EC =
1705 ± 47.6 µS cm-1, and TDS = 847.5 ± 23.8 mg/L) (Majumdar et al., 2015a). To remove plantbased residues and gravel, the soil collected was sieved through an 8 mm sieve, and air-dried for
two days.
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Before the soil amendment, suspensions/solutions of each of the three Cu-based
compounds (nCuO, bCuO, and CuSO4.5H2O) were made to obtain 75, 150, 300, and 600 mg Cu
content/kg soil. Environmentally relevant concentrations of Cu compounds were selected for the
current study. For example, the lowest concentration was selected according to the highest Cu
content reported in agricultural soil amended with sewage sludge (75 mg/kg) (McGrath et al.,
1994). Briefly, nCuO, bCuO, and CuSO4 were weighted, suspended in 50 mL Milli-Q 18 MΩ
deionized water (DI), and sonicated in a water bath at 25 °C for 30 min and 180 watts. The 1.5 kg
soil was then amended with suspensions and mixed manually for 20 min until homogenous. The
control soil was prepared with 50 mL of DI. The treatments were then filled with DI to 60% of the
maximal field capacity and prepared in triplicate. All the pots were allowed to equilibrate for three
days before use.

2.2.2 Seed germination and plant growth
Scallion seeds (evergreen bunching) were purchased from the Ferry-Morse Seeds
Company and stored at 4 °C. Seeds were rinsed with 2% NaClO for 15 min and washed three times
with DI. For hydration, seeds were soaked with DI for 12 h and sowed in germination soil. Two
weeks after sowing, seedlings were transplanted into pots containing the Cu-treatments or control
and placed in the greenhouse with temperature setpoint at 30/20 °C day/night temperature 50-75%
relative humidity, and daily light integral of 10 mol m−2 d−1 on average. All pots were fertilized
with 100 mL per day of water-soluble fertilizer 15N–2.2P–12.5K (Peters 15-5-15 Cal-Mag
Special; Scotts, Marysville, OH) at 1.0 g·L-1. Plants were harvested 80 days after transplanting,
washed with 0.01% HNO3 and DI for three times and prepared for different analyses.
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2.2.3 Chlorophyll measurement
Fresh leaf samples (~0.5 g) were ground and the chlorophyll was extracted with 80%
acetone. A UV-Vis Spectrometer (Perkin Elmer Lamda, Uberlinger, Germany) was used to
measure the absorbance as described by Porra (Porra, 2002).

2.2.4 Quantification of allicin
Allicin content was determined using a UV-Vis Spectrometer (Perkin Elmer Lamda)
according to Han et al. (Han et al., 1995). Briefly, ~0.3 g of dry green onion leaf tissues were
ground and dissolved in 150 mL of DI. After centrifugation, only the supernatants remained. A
mixture of 0.1 mL of the extract and 0.24 mL of 2mM L-cysteine was kept at room temperature
for 10 minutes. After adding 0.6 mL of 50 mM HEPES buffer (pH 7.6) and 0.2 mL DTNB, the
mixture was shaken for 2 min and read at 412 nm using UV-Vis Spectrophotometer.

2.2.5 Antioxidant enzymatic activities
A UV-Vis Spectrometer (Perkinelmer lamda) was used to determine the enzyme activities.
Antioxidant enzymatic activities of catalase (CAT), ascorbate peroxidase (APOX), guaiacol
peroxidase (GPOX), and superoxide dismutase (SOD) were analyzed to understand scallion
antioxidant defense system under the interaction of Cu based compounds. All the analyses were
done at 25 °C. The crude extraction for CAT and SOD was prepared following Lee et al. (Lee and
Lee, 2000). The CAT and SOD activity was determined according to Aebi (Aebi, 1974), and Beyer
and Fridovich (Beyer and Fridovich, 1987), respectively. APOX and GPOX extractions were
prepared according to Xu et al. (Xu and Chen, 2011). The APOX and GPOX activity was
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determined following Nakano and Asada (Nakano and Asada, 1981), and Egley (Egley et al.,
1983), respectively.

2.2.6 Essential Element Quantification by ICP-OES and Two-photon microscopy sample
preparation
Macronutrients (Ca, Mg, P, S, and K) and micronutrients (Cl, Zn, Fe, B, Mn, Cu, Mo, and
Ni) were measured by inductively coupled plasma – optical emission spectrometry (ICP-OES,
Perkin-Elmer Optima 4300 DV; Shelton, CT). Plants were severed into roots, bulbs, and leaves.
Each sample was oven-dried at 70 °C for 72 h. A coffee grinder (Hamilton Beach) was used to
homogenize dry samples. Around 0.2 g of dry tissues were acid-digested after adding 2 mL of pure
trace HNO3 (SPC Science, Champlain, NY), at 115°C for 45 min in a Digiprep hot block (SCP
Science). To digest completely, another 20 min incubation was applied with an additional 1 mL of
30% hydrogen peroxide. The digested solutions were adjusted to 45 mL with DI. To validate the
measurements, blanks (no plant tissues), standard reference material (peach leaf, 1547, National
Institute of Standards and Technology, Gaithersburg, MD) and spiked samples of 10 and 50 mg/kg
were also treated by the same procedure. For QC, the multi-elemental standard solution was
evaluated every 20 samples. The recovery rate was 99%.
For two-photon microscope imaging, fresh root samples of 80-day-old scallion control and
treatment exposed to nCuO at 600 mg/kg soil was collected and cut to thin slices using Microtome.
Then, the samples were analyzed by a mode-locked Ti: Sapphire laser (Spectra-Physics, Mai-Tai
HP) at 710 nm light and 200 W. A 665 nm long-pass dichroic mirror was used to deflect the
fluorescence signal from the sample. In the end, two-dimensional images were acquired using a
custom software program (Acosta et al., 2014).
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2.2.7 Statistical analysis of the data
All the data were analyzed by the Statistical Package for the Social Sciences 25 (SPSS,
Chicago, IL, USA). Statistical significance was accepted at a p-value of 0.05. Data are mean ±
standard error (SE) of three replicates as stated in tables/figures. One-way ANOVA followed by
the Tukey–Kramer multiple comparison tests were used to determine the differences among
treatment means.

2.3. RESULT AND DISCUSSION
2.3.1 Uptake of nCuO and bCuO particles
The Cu uptake in the roots of plants treated with nCuO and bCuO was detected using twophoton microscopy (Fig. 2.1). This was also quantitatively corroborated by the ICP-OES. Figs.
2.1d and 1f show fluorescent points from root tissue exposed to bCuO and nCuO, respectively, at
600 mg/kg. Representative spots are pointed out by yellow arrows and squares as examples. These
glittering points are similar to those of the pure compounds suspended in DI (Figs. 2.1e and g);
thus, they are suggested to belong to bCuO (Fig. 2.1d) and nCuO (Fig. 2.1f). Both bCuO and nCuO
were mainly distributed in or near the vascular tissues and in the intercellular spaces of roots,
indicating an apoplastic uptake. Accordingly, Bonilla et al. previously showed that bCuO and
nCuO compounds were accumulated in intercellular spaces of sweet potato roots (Bonilla-Bird et
al., 2018).
Conversely, Figs. 2.1a and 2.1b are representative images of root samples of plants exposed
to H2O (control) and CuSO4 at 600 mg/kg, respectively. In these micrographs, parameters were set
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to detect fluorescence from nCuO/bCuO, but no flashing or bright signal was found. Barely,
structures of root cells and vascular tissue with typical autofluorescence were only encountered.
Besides, the image of CuSO4 dissolved in DI water at 600 mg Cu/L is shown in Fig. 2.1c. No
visible fluorescence of ion Cu2+ is seen due to the dissolution.

Fig. 2.1. Two-photon microscopy images of root samples of control plants (a) and plants treated
with (b) CuSO4, (d) bCuO and (f) nCuO at 600 mg/kg. The inserted pictures correspond to (c)
CuSO4 in DI water, (e) pure bCuO suspension in DI and (g) pure nCuO suspension in DI. The
fluorescence of root cell walls and vascular tissue is shown. Arrows inside the square indicate
fluorescence from bCuO (d) or nCuO (f) particles.

2.3.2 Copper Content in Roots, Bulbs, and Leaves
In roots, all Cu-based treatments at ≥300 mg/kg significantly increased Cu compared with
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control (Fig. 2.2a) (p ≤ 0.05). Both bCuO and CuSO4 at 75 and 150 mg/kg, did not affect root Cu
accumulation, compared with control. Meanwhile, nCuO at 150 mg/kg increased root Cu by 9.5fold compared with control (p ≤ 0.05). It is worth noting that at 150 mg/kg, nCuO treatment
significantly increased root Cu concentration compared with bCuO and CuSO4 (90.0 vs. 33.8 and
43.7 mg/kg dry weight (DW), respectively) (p ≤ 0.05).
Figure 2.2b shows that at ≥300 mg/kg, all Cu-based compounds significantly increased
bulb Cu (11-17 mg/kg DW), compared with control (4.5 mg/kg DW) (p ≤ 0.05). Moreover, when
plants were treated with ≤150 mg/kg Cu compounds, the nCuO treatment did not significantly
increase Cu content in the bulb compared with control, as was predominantly exhibited by bCuO
and CuSO4 (Fig. 2.2b).
Fig. 2.2c shows that Cu accumulation in leaves was significantly increased in plants treated
with nCuO at ≤150 mg/kg and with CuSO4 at ≥150 mg/kg. When comparing the effect of different
compounds at 75 mg/kg, the results showed that nCuO induced a greater Cu accumulation in leaves
than bCuO and CuSO4 (31 vs. 15 and 12 mg/kg DW, respectively) (p ≤ 0.05). In contrast to CuSO4,
which dissolves easily, and its ions can actively move through ion transporters, nCuO and bCuO
exhibit slow Cu release. However, nCuO and bCuO may be taken by roots in particulate forms, as
confirmed by the two-photon images (Figs. 2.1 d and f). Interestingly, at 75 mg/kg, a possible
combination of less aggregation, smaller particle size, and a higher dissolution rate of the nCuO
treatment enabled the higher accumulation of Cu in leaves, compared with bCuO and CuSO4 (Fig.
2.2c). With the increasing concentration of nCuO, the characteristics mentioned above were no
longer obvious due to the apparent aggregation of nCuO. Similar results were reported before in
nCuO or bCuO treated bell pepper (Capsicum annum L.) and sugarcane (Saccharum officinarum)
plants (Rawat et al., 2018b; Tamez et al., 2019). Additionally, released ions from particulate
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compounds might be involved in the Cu uptake.

Fig. 2.2. Copper concentration (mg/kg DW) in scallion roots (a), bulbs (b) and leaves (c)
exposed to nCuO, bCuO, and CuSO4 at 0, 75, 150, 300 and 600 mg/L. Data are the average of
three replicates ±standard error (SE). Lowercase letters stand for statistical differences among
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different compounds at the same concentration. Uppercase letters represent significant
differences among different concentrations of the same compound (p ≤ 0.05, n = 3).

In this study, the maximum Cu concentration in aerial parts of plants exposed to 75 mg/kg
soil was lower than 32 mg/kg DW (Fig. 2.2b and 2.2c). Scallion is consumed in small amounts as
a seasoning; thus, this Cu concentration appears to be safe for human consumption (Bost et al.,
2016). Similar results were reported by Soudek et al., who exposed Allium plants to 46.9 mg/L
Cu(NO3)2 (Rastilantie et al., 2009). These authors found that Cu was mainly accumulated in roots
(~5,500 mg/kg DW) with small translocation to bulbs (~120 mg/kg DW) and leaves (~10 mg/kg
DW).

2.3.3 Elements accumulation in tissues
Data on macro and microelements uptake showed that nCuO, bCuO, and CuSO4,
differentially affected the accumulation of essential elements (Ca, K, Mg, P, Fe, Mn, Ni) and Al (a
non-essential element) in scallion tissues. Undisturbed essential elements have not been discussed
in this work.
2.3.3.1 Macronutrient elements in roots
Fig. 2.3 shows the concentration of macroelements that were affected by Cu treatments. At
the root level, there were significant changes in the accumulation of Ca, K, Mg, and P (Figs. 2.3ad).
Calcium- Compared with control (16,607 mg/kg DW), only nCuO at 150 mg/kg (30,971
mg/kg DW) and at 300 mg/kg (32,621 mg/kg DW) induced a significant increment on root Ca
content (Fig. 2.3a) (p ≤ 0.05). Conversely, bCuO and CuSO4 at 150 mg/kg, with values of ~5,500
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and ~6,600 mg/kg, respectively, showed a significant reduction in root Ca when compared with
control (p ≤ 0.05). Excess Cu induces the overproduction of reactive oxygen species (ROS), which
alter the permeability of Ca channels, interfering with Ca uptake by root cells (Demidchik et al.,
2007). Additionally, bCuO particles are more negatively charged compared with nCuO (Table S1),
which may result in a higher attraction for positive Ca2+ ions at the root-soil interface.
Consequently, a reduction in Ca2+ mobility should be expected and would explain, at least in part,
the lower Ca uptake by root cells in plants treated with bCuO compounds. Regarding the lessening
of Ca content caused by the ionic treatment, it has also been reported that ionic Cu2+ reduced Ca2+
concentration in Norway spruce (Picea abies) (Trujillo-Reyes et al., 2014). This species was
treated with elevated concentrations of ionic Cu (1.5 µM), which resulted in a decreasing of Ca
content in roots and wood. Moreover, Ca addition diminished the accumulation of Cu, indicating
a competing relationship between Cu and Ca elements (Österås and Greger, 2006).
Potassium – None of the treatments altered K concentration, compared with control.
However, K uptake was differentially affected by the diverse Cu compounds evaluated at the same
concentration (Fig. 2.3b). For instance, at 75 and 150 mg/kg treatments, bCuO significantly
enhanced root K (57,663 and 61,969 mg/kg DW, respectively) compared with nCuO (39,602 and
45,668 mg/kg DW, respectively) (p ≤ 0.05). Interestingly, this was contrary to root Cu uptake,
where nCuO at 150 mg/kg increased Cu content respecting to bCuO (Fig. 2.2a) (p ≤ 0.05). Thus,
higher root Cu acquisition generated by nCuO treatment reduced K content in scallion plants.
Concurring with these findings, an increase in Cu2+ led to a decrease of K+ in Arabidopsis root
cells (Demidchik et al., 1999). Regarding CuSO4-exposed plants in the present study, no significant
changes were registered, thus, the observed responses suggest this effect is driven by the Cu
particles. In previous literature, Wang et al. reported that nCuO increased K+ leakage in maize (Zea
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mays) plants due to damages in the lipid bilayer (Wang et al., 2012).
Magnesium – Compared with control, bCuO, at all concentrations, except 300 mg/kg,
significantly decreased root Mg up to 33% (p ≤ 0.05) (Fig. 2.3c). The reduction in bCuO treatments
were significantly more compared with nCuO. The pattern on Mg and Ca accumulation in plants
exposed to nCuO and bCuO treatments was similar (Fig. 2.3a and 2.3c). This behavior may be
explained since both Ca and Mg share the same transporter, namely AtCNGC10 (Guo et al., 2010a),
which suggests that nCuO may induce AtCNGC10 expression, facilitating Mg2+ transport inside
cells. However, the latter needs a further experimental demonstration.
Phosphorus – CuSO4 at 600 mg/kg significantly augmented P in roots, compared with
nCuO (45.7%), bCuO (47.1%), and control (24.2%) (Fig. 2.3d) (p ≤ 0.05). A possible explanation
about the increment in P at higher CuSO4 doses may be related to an up-regulation of the Pht1
transporter.47 Nevertheless, there exists the possibility that particles of nCuO or bCuO physically
blocked the P transporters, reducing its uptake (Zuverza-Mena et al., 2015). Rawat et al. reported
that bCuO at 500 mg/kg, reduced P absorption in bell pepper roots by 36%, compared with control
(Rawat et al., 2018b). Hong et al. found a reduction of root P in lettuce and alfalfa plants exposed
to bCuO and nCuO at 5, 10, 20 mg/L (Hong et al., 2015). Hong et al. found a reduction of root P in
lettuce and alfalfa plants exposed to bCuO and nCuO at 5, 10, 20 mg/L (Hong et al., 2015). This
later work also reported that 10 and 20 mg/L of CuCl2 resulted in the highest P accumulation in
alfalfa shoot (p ≤ 0.05). None of the remaining treatments affected root P, compared with control.
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Fig. 2.3. Concentration (mg/kg DW) of the elements (a) Ca, (b) K, (c) Mg, (d) P, (e) Fe, (f) Mn,
(g) Al, and (h) Ni, in scallion roots. Plants were cultivated for 80 days in soil amended with
nCuO, bCuO, and CuSO4 at 0 (control), 75, 150, 300 and 600 mg of Cu/kg of soil. Data are
averages of three replicates ±standard error (SE). Lowercase letters stand for statistical
differences among different compounds at the same concentration. Uppercase letters represent
significant differences among different concentrations of the same compound (p ≤ 0.05).

3.3.2 Micronutrients and aluminum in roots
Fig. 2.3 also shows the concentration of the microelements that were affected by the Cu
treatments in roots. There were changes in the accumulation of Fe, Mn, Al and Ni, this latter a nonessential element (Fig. 2.3e-h).
Iron – Fe in roots (Fig. 2.3e) was significantly increased by nCuO at 75 and 150 mg/kg
(3,070 and 3,622 mg/kg), compared with bCuO (1,165 and 1,437 mg/kg), CuSO4 (1,496 and 1,439
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mg/kg), and control (1,797 mg/kg) (p ≤ 0.05). The observed differences between nCuO and CuSO4
at ≤150 mg/kg suggest that Fe uptake was due to an effect of particle size and/or surface properties
and ion release. Hence, Cu ions released from CuSO4 may compete with Fe for transporters active
sites, inhibiting its uptake (Apodaca et al., 2017; Hong et al., 2015). Additionally, Deák et al.
suggested that the stress caused by nanoparticles increased the production of ferritin, an
intracellular protein with a high affinity to bind Fe (Deák et al., 1999).
Manganese and aluminum – Fig. 2.3f shows that Cu treatments did not affect root Mn
content, compared with control. However, there were differences among Cu forms evaluated at the
same concentration. When the plants were exposed to 150 and 300 mg/kg of nCuO, bCuO, and
CuSO4, the roots treated with nCuO significantly showed higher Mn than bCuO and CuSO4 (p ≤
0.05). Similarly, nCuO at 75-300 mg/kg, increased root Al content compared with bCuO and
CuSO4 (Fig. 2.3g) (p ≤ 0.5). It is possible that the uptake of Mn and Fe is affected by similar
mechanism; thus, the negativity of bCuO and the high amount of Cu ions released by CuSO4 might
be affecting Mn uptake in a similar manner than Fe uptake. An increase in Al uptake was previously
reported in lettuce hydroponically exposed to Cu/CuO NPs (Trujillo-Reyes et al., 2014). The
uptake of Al may follow a comparable trend than similar cations. However, because Al is not an
essential element, not much discussion on its uptake is presented herein.
Nickel – Differences in Ni concentrations at the root level are presented in Fig. 2.3h. A
significant reduction in Ni content was found when plants were exposed to 600 mg/kg of nCuO,
150 mg/kg of bCuO, and ≤150 mg/kg of CuSO4, compared with control (p ≤ 0.05). However, the
Ni content did not exhibit a particular trend with increasing doses of the Cu compounds. The
literature has shown that Ni2+, Cu2+, and Zn2+ are taken up by the same carrier (Cataldo et al.,
1978a, 1978b); thus, excess of Cu2+ may compete with Ni2+ uptake.
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3.3.3 Essential elements in bulbs and leaves
Fig 2.4 shows the concentration of macro and microelements that were affected by the Cu
treatments in bulbs. Basically, lower Cu copper acquisition and lesser alteration were observed in
bulbs than in roots, which suggested a “phytostabilization effect” of the underground tissues of
scallion.34

Fig. 2.4. Concentration (mg/kg DW) of the essential elements (a) Ca, (b) Mg, and (c) Ni in dry
bulbs of scallion plants. Green onions were cultivated for 80 days in soil amended with nCuO,
bCuO, and CuSO4 at 0 (control), 75, 150, 300 and 600 mg of Cu/kg of soil. Data are averages of
three replicates ±standard error (SE). Lowercase letters represent statistical differences among
different compounds at the same concentration. Uppercase letters represent significant
differences among different concentrations of the same Cu-based compounds (p ≤ 0.05).

Plants exposed to nCuO at 150 mg/kg had significantly more Ca and Mg in bulbs,
compared with control (74% and 108%) (Figs. 4a and 4b). Bulk CuO and CuSO4 did not alter Ca
and Mg accumulation in bulbs. The delivery of Mg to edible tissues is determined by the MRS2,
MHX, and the MRS2-11 transporters (Li et al., 2017), which suggests that only nCuO, at 150
mg/kg, could have had an effect on their transport activity. The average Ca and Mg contents in
scallion bulbs reported by the U.S. Department of Agriculture are 720 and 200 mg/kg fresh weight
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(~ 7,200 and 2,000 mg/kg DW) (Food Composition Databases Show Foods -- Onions, spring or
scallions (includes tops and bulb), raw, 2018), which are lower than the average values of control
(12,846 and 3,286 mg/kg). This may be due to the variety or the experimental conditions. The
adequate intake of Mg and Ca for adult are ~300 mg/d and 1000 mg/d (Moore-Schiltz et al., 2015),
respectively. The results of the current study revealed that nCuO improves the nutritional values
of scallion bulbs by increasing Mg and Ca concentrations. In bulbs, Nickel showed an increase
with rising doses of Cu compounds (Fig. 4c). Cataldo et al. stated that in soybean plants Ni2+ tends
to form organic complexes within tissues, which are carried out through the xylem and deposited
in the leaf and in the seeds of the soybean plants (Cataldo et al., 1978a). In bell pepper, Ni was
found in fruit (Rawat et al., 2018b). This suggests the distribution of Ni in plants is species
dependent.

2.3.4 Plant growth and chlorophyll content
In this study, none of the Cu-based compounds caused significant changes in fresh weight,
plant height, water content, and chlorophyll, compared with control (data are shown in Figs. S2.1
and S2.2, p ≤ 0.05). No obvious signs of toxicity were found through the growth period. However,
a comparison between treatments showed that nCuO treatments, except at 75 mg/kg, had
significantly higher plant height, compared with bCuO and CuSO4. This was probably due to the
increase in nutrient elements given by nCuO, which benefits plant growth.

2.3.5 Allicin content
The effect of Cu-based treatments on leaf allicin content is depicted in Fig. 2.5. As shown
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in the figure, nCuO and CuSO4 at all concentrations, significantly increased allicin content in the
range 56 187% and ~ 34 90%, respectively, compared with control (p ≤ 0.05). Meanwhile, bCuO
treatments did not affect allicin content. This outcome was somehow in agreement with leaf Cu
contents at the same treatments (Fig. 2.2c). Allicin has a beneficial effect in preventing alterations
of lipid profile induced by Cu (Metwally and Metwally, 2009). In addition, allicin scavenges ·OH,
which reduces lipid peroxidation (Prasad et al., 1995). Thus, it is possible that the increase in allicin
concentration was due to counteracting the oxidative stress caused by the Cu-based treatments.

Fig. 2.5. Allicin content (w%) in leaves of plants cultivated for 80 days in soil amended with
nCuO, bCuO, and CuSO4 at 0, 75, 150, 300 and 600 mg/L. Data are averages of three replicates
±standard error (SE). Uppercase letters stand for significant differences among different
compounds evaluated at the same concentration. Asterisks (*) represent statistical differences in
treatments compared to control (n=3, p ≤ 0.05).
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2.3.6 Antioxidant defense system in roots and leaves
Figure 2.6 shows the activity of APOX, CAT, GPOX, and SOD in different scallion tissues.
In root tissue, the nCuO at 75-300 mg/kg increased GPOX by 121.5- 245.7% (Fig. 2.6a), while at
≥150 mg/kg reduced CAT activity by 44.6-58.2% (Fig. 2.6c), respect to control (p ≤ 0.05).
Contrarily, none of the treatments affected APOX (Fig. 2.6b) and SOD (Fig. 2.6d) activities in the
root. At leaf levels, no changes were observed in GPOX and SOD. However, APOX and CAT
activities in leaves presented some alterations, as shown in figure 2.6e and 2.6f, respectively. Plants
exposed to bCuO at all concentrations, and nCuO and CuSO4 at concentrations ≥150 mg/kg,
showed a significant APOX activity increment in leaves (Fig. 2.6e) (p ≤ 0.05). Finally, nCuO at
all concentrations significantly reduced leaf CAT activity (Fig. 2.6f), compared with control (p ≤
0.05). In this study, the activity of stress-related enzymes from roots and leaves were differentially
affected by Cu compounds. For instance, the nCuO significantly induced GPOX (Fig. 2.6a)
activity and reduced CAT (Fig. 2.6c) in roots, while the three Cu-based treatments augmented
APOX activity in leaves (Fig. 2.6e). These results suggest a specific size effect of nCuO, compared
with the other two compounds. It can be speculated that the nCuO interacts with the binding sites
of CAT reducing its activity, while APOX-increased activity in leaves may be a direct response to
reduce the stress imposed by the three compounds (Rico et al., 2013; Stark, 2011).
The forthcoming formation of peroxy radicals in roots induced by nCuO enhanced root
GPOX (Fig. 2.6a), while in leaves the increased APOX activity (Fig. 2.6e) may be caused by high
H2O2 formation. Since the APOX-H2O2 affinity is higher than CAT-H2O2 (Lin et al., 2009). the
increased activity of APOX in leaves was possibly enough to reduce the oxidative stress; then, no
further increase of CAT was needed in the leaves. Additionally, to support the enzymatic
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antioxidant defenses, the data suggest that the plants produced a higher allicin content to combat
an excess of ·OH in leaves.

Fig. 2.6. Enzyme activities of CAT, GPOX, SOD, and APOX in the roots and leaves of soilgrown green onion plants. Chinese scallions were exposed to nCuO, bCuO, and CuSO4 at 0, 75,
150, 300 and 600 mg/L. Data are the average of three replicates ±standard error (SE). Uppercase
letters represent statistical differences among different compounds tested at the same
concentration. Asterisks (*) represent statistical differences in treatments compared to control
(n=3, p ≤ 0.05).

2.4. CONCLUSIONS
This study describes the physiological responses of scallion plants exposed to nano, bulk,
and ionic Cu-based compounds. Two-photon microscopy showed that both nano and bulk CuO
compounds were taken up by the roots, and none of the Cu-based tested concentrations produced
visible signs of toxicity. Though, significant physiological and biochemical changes were observed
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in mature plants. Scallion plants exposed to nCuO at 75-300 mg/kg, improved their nutrient quality
by increasing the allicin and essential element (Ca, Fe, Mg, Mn, and Ni) contents. This was, in
most of the cases, contrary to the results observed with bCuO. Although nCuO significantly
increased root GPOX and leaf APOX, it reduced CAT in both roots and leaves. Overall, the data
suggest that nCuO at concentrations lower than 600 mg/kg may be used as nanofertilizer for green
onion production.
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Chapter 3: Effects of Different Surface-coated nTiO2 on Full-life Grown
Carrot Plants: Impacts on Root Splitting, Essential Elements Accumulation,
and Ti Uptake

3.1 INTRODUCTION
Nanotechnology is proliferating and has become one of the most promising technologies.
The engineered nanoparticles (ENPs) are its building blocks. Titanium dioxide nanoparticles
(nTiO2) are among the most produced ENPs worldwide (Mitrano et al., 2015; Piccinno et al., 2012).
It has been estimated that the annual production of nTiO2 would reach nearly 2.5 million metric
tons in 2050, which convert nearly 100% of the total TiO2 market to nano (Robichaud et al., 2009).
The TiO2 production mainly comprises cosmetics (sunscreens), plastics, and coatings (Piccinno et
al., 2012). An increase of nTiO2 in the environment is expected as a result of its direct or indirect
release (Keller and Lazareva, 2013). By 2014, the estimated emissions into soil and water were up
to 23,130 and 36,664 metric tons/year, respectively (Keller and Lazareva, 2013). Since part of
wastewater and sewage sludges would also flow into soil, an increasingly large amount of nTiO2
will end up in agricultural soils that, due to its extreme chemical stability, will potentially impact
crops (Cornelis et al., 2014).
To achieve superior performance and meet the demands from various consumers,
modifications of nTiO2 surfaces have been widely used (Pancrecious et al., 2018). Better
appearance, enhanced properties, or advanced functionalities such as corrosion resistance, less
catalytic degradation, self-cleaning, and depolluting abilities are achieved in hydrophilic or
hydrophobic coated nTiO2 (Bergamonti et al., 2015; Calia et al., 2017; Chen et al., 2019;
Colangiuli et al., 2019). The effect of different surface coated nTiO2 on plant development is still
not well studied. The physiological responses of plants to ENPs depend on their surface coating
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properties such as surface area, charge, hydrophilicity, and suspension stability, soil type, plant
species, exposure method, and also the plant growth stage. Currently, no full-lifecycle studies have
investigated the impact of nTiO2 on the fruit quality of taproot crops. Tan et al. investigated the
impacts of different surface-coated nTiO2 on soil-grown basil (Ocimum basilicum) plants (Tan et
al., 2017a). Shoot biomass was significantly decreased (by 37%) by hydrophobically coated nTiO2;
root elongation (53%), total sugar (38%) and starch (35%) concentration were also declined, as
compared with controls (Tan et al., 2017a). Foltête et al. (Foltête et al., 2011) reported that Ti
internalization and high metal concentrations were detected in Vicia faba roots exposed to
hydrophobically coated nTiO2.
Carrot (Daucus carota L.) is an economical and nutritionally important vegetable crop that
is popular worldwide. It had a total annual production of 38.84 million metric tons in 2014 (Sharma,
2018). Mainly, the taproot is the consumed portion of the plant. It is expected that it will directly
interact with ENPs from soils; hence, it is of great importance to investigate the effect of ENPs on
the belowground crop development, especially those grown in natural soil. However, studies on
this topic are limited. To the best of our knowledge, the only study of carrot and ENP interactions
was published by Ebbs et al. (Ebbs et al., 2016). In the latter study, ZnO, CuO, or CeO2 NPs were
added into the soil at 0.5, 5, 50, or 500 mg/kg dry weight (DW). Root and total biomass were
decreased in a concentration-dependent manner after being exposed to ZnO NPs. However, the
effects of different surface coatings of nTiO2 on the growth of carrot are still unknown.
The two-photon microscopy technique was applied in this study to analyze the uptake of
nTiO2 particles. This approach has the advantage of penetrating the sample and showing the
internal structure via fluorescence, which is deeper than the traditional confocal microscopy.
Additionally, samples are easily prepared at room temperature, which minimizes further damage
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during the detection. Since nTiO2 has self-fluorescence, no further dyeing process is needed, which
makes nTiO2 a feasible candidate for the two-photon microscopy study.
Thus, in this work, the impact of different surface coatings nTiO2 on the carrot plant taproot
development was studied. The agronomic parameters of the carrot plant, Ti uptake, and the nutrient
elements disturbance were analyzed. Moreover, the penetration and uptake of Ti in carrot roots
treated with pristine and two different coated nTiO2 were assesed to compare the potential uptake
pathways.

3.2. MATERIALS AND METHODS
3.2.1 Preparation of nTiO2 and soil treatments
Pristine, hydrophilic, and hydrophobic surface-coated nTiO2 were obtained from US
research Nanomaterials and Sachtleben Chemie, Germany, respectively. The characterization is
shown in Table S1, previously reported by Tan et al. (Tan et al., 2017a). All the three nTiO2 have
a rutile phase, with the same size of 50 ± 25 nm. The surface-modified nTiO2 were both first
capped with 6 wt% Al2O3. Then 1 wt% of glycerol or 2 wt% of dimethicone were further
encapsulated in order to obtain the hydrophilic or hydrophobic properties. The release of
Al3+ from the surface coated nTiO2 was previously tested (Tan et al., 2017a).
Nature soil and potting soil were mixed at the ratio of 5:1. Potting soil providing
additional organic matters was purchased from a local supermarket (Miracle-Gro® organic).
Natural soil was collected from a local agricultural area (Socorro TX, USA, an agricultural land
at latitude: 31°67′ N, longitude: 106°28′ W, and elevation: 1115 m asl) and was previously
characterized as medium loam: 19% clay, 44% silt, and 36% sand; 2.8% organic matter, pH =
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7.825 ±0.021, EC = 1705 ±47.6 µS cm-1, and TDS = 847.5 ±23.8 mg/L (Majumdar et al.,
2015b). Before use, natural soil was sieved through an 8 mm sieve and air-dried for three days.
The nTiO2 suspensions were made to reach the final concentration of 100, 200, and 400
mg Ti/kg soil. The highest concentration was chosen based on the predicted environmental
nTiO2 concentrations, especially in the U.S. (Gottschalk et al., 2009). Pristine, hydrophilic, and
hydrophobic nTiO2 were weighed and sonicated in 50 ml Millipore water (MW) suspensions
using a water-based sonicator (Crest Ultrasonics, Trenton, NJ) for 30 min. Pure 50 mL MW was
applied as a control. They were then added to soil and manually homogeneously mixed for 20
min. All the pots were then filled with MW until reaching 60% of the maximal field capacity and
left for three days for equilibrium. Three replicates were applied for each treatment.

3.2.2 Seed germination and plant cultivation
Carrot seeds (Royal Chantenay variety) were purchased from AGWAY® and stored at
4 °C for one week. Then, they were sterilized and disinfected with 2% NaClO MW solution for
20 min. After washing, seeds were then soaked in MW and stirred for 24 h for awakening and
planted into soil. Fourteen days after germination in soil, seedlings were transplanted into pots
containing the TiO2-treated soils and placed into a growth chamber (Environmental Growth
Chamber, Chagrin Falls, OH) in a randomized factorial design. The conditions set to benefit the
plant growth were: 65% relative humidity, 25/20 °C day/night with 340 μmol m−2 s−1 light
intensity, and 14 h photoperiod. No additional fertilizer or nutrient solution was added. After 115
days of growth, all the plants reached full maturity and were harvested.
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3.2.3 Plant harvest and agronomic parameters
At harvesting, plants were carefully separated from the soil and divided by lateral roots,
taproots (peer and flesh), stems, and leaves. Each of the tissue sample was washed three times,
with 0.01 M HNO3 and MW to remove surface adhered soil and nanoparticles. Agronomic
parameters of plant height, aboveground tissue weight, taproot length, taproot weight, and
taproot water content were measured and recorded.

3.2.4 Ti uptake and nutrient element concentration
Titanium uptake as well as macronutrients (Ca, Mg, P, S, and K) and micronutrients (Cl,
Zn, Fe, B, Mn, Cu, Mo, and Ni) were measured by inductively coupled plasma – optical
emission spectrometry (ICP-OES) (Perkin-Elmer Optima 4300 DV), according to previous
literature (Larue et al., 2014a). Tissues were oven-dried at 70 °C in paper envelopes for 72 h.
Dry samples were ground, and ~0.2 g were weighed for further acid-digestion according to a
previous protocol (Tan et al., 2017b). To validate the measurements, blank (no plant tissues),
pure nTiO2 powder, standard reference material (NIST-SRF 1570a and 1547, Metuchen, NJ),
and spiked samples were also treated by the same procedure and analyzed at every 20 samples
interval. The recovery rate was 83%.

3.2.5 Two-photon microscopy
Root fresh samples of carrots exposed to nTiO2 at 400 mg/kg were mounted in the waterimmersion objective lens (Olympus LUM Plan FLN) (Wang et al., 2020a). The light source used
in the microscope was a mode-locked Ti: Sapphire laser (Spectra-Physics, Mai-Tai HP). 710 nm
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light and 200 W was selected to achieve two-photon excitation. The fluorescence signal from the
sample was deflected with a 665 nm long-pass dichroic mirror. The pulse duration was ~100 fs
width, and the repetition rate was 80 MHz. Long-pass dichroic beam splitters (LDBS) were used
to split the blue and green/red fluorescence signal. The blue, green, and red signals were
transmitted through band-pass filters of 417-477 nm, 500-550 nm, and 570-616 nm, respectively,
and finally, detected by a photomultiplier tube (PMT) at 2.10V, 2.20V, and 0.9V, respectively.
The outputs of these three PMTs were fed into red/green/blue channels of a frame grabber
installed on a computer. Two-dimensional images in the x-y plane are acquired through a custom
software program. The imaging speed was 30 frames/sec, and each final static image was an
average of 50 frames. Furthermore, some images exhibited red artifacts, such as streaks across
the image, when processed by the frame grabber; but the artifacts were removed through
minimal image processing (Acosta et al., 2014).

3.2.6 Statistical analysis
All the data were analyzed using the Statistical Package for the Social Sciences 25
(SPSS, Chicago, IL, USA). Differences between treatments were determined by one-way
ANOVA followed by a Post-Tukey test with a level of confidence of p ≤ 0.05. Reported data are
means ±standard errors (SE) of triplicates.

3.3. RESULTS AND DISCUSSIONS
3.3.1 Ti uptake
Figure 3.1 shows that plants treated with hydrophilic and hydrophobic nTiO2 at 400 mg/kg,
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accumulated 100.5 ±9.8 mg/kg DW and 140.1 ±19.0 mg/kg DW of Ti in their secondary roots,
respectively.

These were the only treatments in which significant increased Ti uptake was

found, compared to control plants, which had 46.8 ±5.0 mg Ti/kg DW (Fig. 3.1) (p ≤ 0.05). The
Ti accumulation in plant roots have also been reported in different plant systems such as basil
(Tan et al., 2017a), lettuce (Zahra et al., 2015) and soybean (Burke et al., 2015), after long-term
exposure. Meanwhile, in this study, no detectable Ti was found in leaves, neither in flash nor
core of carrot taproot.
The overall penetration of Ti into plant systems was relatively low. It has been reported
that nTiO2 NPs with sizes of less than 30 nm have the potential to penetrate cell membranes (Tan
et al., 2018). In the current study, the three nTiO2 particles exhibited the same ~50 nm average
size as specified by the manufacturer and previously confirmed by TEM microscopy (Tan et al.,
2017a), which is larger than the suggested limit for Ti cell uptake. However, since the latter
parameter was evaluated by TEM microscopy, it is possible that a particular portion of
unmeasured particles with smaller sizes eventually entered into carrot roots. Moreover, the Ti
ions released from particulate compounds, although at a limited expected amount, could also be a
possible source for Ti acquisition by cells. Another uptake pathway by which NPs might enter
root cells is through the wound and breakage of the surface of lateral roots. Most of the
treatments in this work did not result in changes in Ti uptake, suggesting the nTiO2 application
did not cause any morphologic injury or damage on the carrot root surface.
The significant higher uptake of Ti in root plants treated with coated nTiO2 over the
pristine-treated plants (Fig. 3.1), might occur due to the interaction of surface-coated materials
with root surface external molecules. The root surface of cell membranes is negatively charged
(Cooper GM., 2000; Kinraide and Wang, 2010), which may benefit the adsorption of the
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positively charged coated nTiO2 (Table S3.1). Moreover, according to the distribution of
hydrodynamic particle size suspended in DI, the hydrophobic coated nanoTiO2 exhibited a more
substantial proportion of smaller-sizes (~ 250 nm) NPs (Fig. S3.1 A), compared with the other
two TiO2-based compounds (Fig. S3.1 B and C). In addition, ions in soil with positive charge can
adsorb a portion of the negatively charged pristine nTiO2 (Table S3.1), reducing their
bioavailability. Hence, our study illustrated a nanoparticle surface-component dependent effect
on the element uptake.

Fig. 3.1. Titanium concentration (mg/kg DW) in carrot roots exposed to pristine, hydrophilic,
and hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average of three
replicates ±SE. Lowercase letters stand for statistical differences between different compounds
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at the same concentration. Asterisk represent significant differences with respect to control (p ≤
0.05, n = 3).

Since the Ti uptake by root was low, it was expected to see a very reduced or no
translocation of Ti to the aboveground tissues of the plant. The lack of mobility of Ti in plant
roots has also been reported in previous literature (Tan et al., 2018). This output may be due to
the aggregation, chemical inactivity, and nearly no dissolution properties of nTiO2. For example,
nTiO2 only with diameters lower than 36 nm succeeded to cross the Casparian band and were
translocated from root to shoot in wheat (Larue et al., 2012).

3.3.2 Agronomical parameters
3.3.2.1 Leaf fresh weight and plant height
As shown in Fig. 3.2A, fresh leaf weight remained unchanged in most treatments with
respect to control. Only pristine nTiO2 at 100 mg/kg increased leaf biomass by 51% compared
with control, with values of 44.6 ±4.0 and 29.6 ± 3.0 g/kg DW, respectively (p ≤ 0 .01). At this
concentration, fresh leaf biomass in plants exposed to pristine nanoTiO2 was significantly higher
than hydrophilic nTiO2 and hydrophobic nTiO2 treated plants by31% and 84%, respectively (p ≤
0 .01). Since the tender foliage is also consumed as a stir‐fried herb and in salads by many
countries, the observed increment in leaf biomass may benefit the agriculture industry (Rubatzky
et al., 1999).
A possible explanation of the increment of leaf biomass by pristine nanoTiO2 may be
linked to the root nitrogen assimilation improvement, as it has previously been reported in
spinach (Yang et al., 2007, 2006). Also, highly enhanced mRNA expressions, arabinogalactan
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proteins, and increase in protein levels, have been detected in response to nanoTiO2 treatments
(Gao et al., 2006; Tumburu et al., 2015). These biomolecules, along with hormone signaling
pathways, play important roles in plant growth and development. Moreover, nTiO2 are wellknown as effective bactericides attributed to their photocatalytic activities, which may eliminate
bacterial pathogen contamination in soil and increase plant resistance to stress (Ge et al., 2011;
Mandeh et al., 2012a). Moreover, the improvement of plant photosynthetic activity caused by
nTiO2 photocatalytic properties has been mentioned before (Tumburu et al., 2015). Nano TiO2
may induce oxidation-reduction reactions and benefit electron transfer, thus increasing light
absorption efficiency, improving the photochemical reaction of chloroplasts (Hong et al., 2005a),
and facilitating chloroplast protection against free radicals production (Hong et al., 2005b). For
instance, a genomic study of thale cress (Arabidopsis thaliana) seedlings watered by non-coated
nTiO2 suspension at 500 mg/L induced photosynthesis-related genes (Tumburu et al., 2017).
However, it has been suggested that plant growth and development are nTiO2 concentration and
species-dependent (Tan et al., 2018),(Song et al., 2012),(Raliya et al., 2015). In the present study,
an enhancement of leaf nutrient elements accumulation (Ca, Mg, Fe, Se, and Zn) was also found
(Fig. 3.5), which also benefits carrot leaves’ growth.
The plant height was significantly increased by ~18% when plants were treated with
pristine nTiO2 at all concentrations, and hydrophobic nTiO2 at 100 mg/kg, compared to control
(Fig. 3.2B). Similar results were reported with rice (Zahra et al., 2017), tomato (Raliya et al.,
2015), and wheat (Rafique et al., 2015) in long-term soil exposure studies.
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Fig. 3.2. (A) Leaf fresh biomass (g) and (B) plant height (cm) of carrots exposed to pristine,
hydrophilic, and hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average
of three replicates ±SE. Lowercase letters stand for statistical differences between different
compounds at the same concentration. Asterisk represent significant differences with respect to
control (p ≤ 0.05, n = 3).

3.3.2.2 Taproot morphology, splitting, and fresh weight
During the days of growth, no adverse health signs such as wilting, or necrosis were
observed in treated plants. However, at harvesting, taproots splitting increased as a result of TiO2
exposure (Fig. 3.3). This phenomenon was also previously reported with other plants such as
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tobacco and wheat. In the experiment related to tobacco species, the seedlings that grew in 1%
nTiO2 Petri dish-suspension produced two roots, instead of one root (Frazier et al., 2014). In the
other study, wheat seedlings grown for 14-days in hydroponic conditions, showed an increment
in lateral roots after nTiO2 exposure at 10~1000 mg/L, compared to control (Jiang et al., 2017).
Concerning the latter result, the authors refereed that the splitting of the taproots was a strategy
of carrot plants to overcome the stress caused by the adherence of nTiO2 onto the root surface,
facilitating the obtention of enough water and nutrients for plant development. In the same study,
a dose-dependent increase of abscisic acid content was detected, which would also explain the
lateral root development, since abscisic acid triggers the growth of root (Jiang et al., 2017).
Besides, it has been proved that nTiO2 could induce cell division in the root tip, attributed to its
photocatalytic and antimicrobial activity (Mandeh et al., 2012a). It could pass through the
apoplast and induce the production of hydroxyl radicals, which are reported as potential cell
wall-loosening agents and cell enlargement stimulators (Larue et al., 2012). The rapid emergence
may eventually induce taproot splitting, change soil pH, moisture, and soil compaction property.
The fresh taproot weight of plants was reduced by almost all nano-TiO2 treatments
compared to control (Fig. 3.4). Hydrophilic and hydrophobic surface coated nTiO2 significantly
decreased taproot biomass at all concentrations in a range of 29-46% and 39-56%, respectively,
compared with control. However, pristine nTiO2 only affected the fresh weight at the highest
concentration (p ≤ 0 .01). This result was different compared with leaf biomass (Fig. 3.2A). In a
previous short-term exposure experiment, the biomass of basil was significantly decreased by
~16% after being exposed to pristine and hydrophobic nTiO2 (Tan et al., 2017a). Similar results
were found in other long-time exposure studies. The biomass of wheat (Du et al., 2011; Rafique
et al., 2015), tomato (Vittori Antisari et al., 2015), and rice (including grain yield) (Wu et al.,
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2017) were reduced after the nTiO2 application. Asli and Neumann explained that the aggregated
nTiO2 cluster would block the absorption of water by root cell, thus, reducing root hydraulic
conductivity. These may cut down the water supply and induce moisture stress, thus ultimately
affecting root elongation (ASLI and NEUMANN, 2009).
On the other hand, contrasting results have been reported. Nano TiO2 was reported to
enhance the growth of plant roots in cucumber and wheat by Servin et al. (2012) and Larue et al.
(2012) reported positive effects of rutile nTiO2 at the concentration of 0.025–0.4% on
germination and seedling growth of naturally aged spinach (Spinacia oleracea L.) seeds. The
root length of duckweed increased along with the increased nTiO2 concentrations below 500
mg/L (Song et al., 2012). In another study, nTiO2 exposure caused reduced root elongation in
cabbage, corn, lettuce, and oat, while improved cucumber and onion roots, indicating that the
effect was species-dependent (Andersen et al., 2016).
Additionally, the data of the taproot core diameter is shown in Fig. S3.2. They were
decreased in pristine and hydrophilic-coated nTiO2 treated plants at 400 mg/kg, and
hydrophobic-coated nTiO2 at all concentrations. The overall average reduction caused by nTiO2
treatments was 1.2 ±0.1 cm, compared with control (3.8 cm). The core is mainly xylem, tasting
woody and slightly bitter. Thus, carrots considered to have high quality should have a smaller
core proportion. In this study, the shape of the carrot taproot was defined by the values of total
length, top, and mid perimeters. Although the total biomass of taproots was reduced, total taproot
length, taproot top, and mid perimeter remained unchanged in most treatments. Only at 400
mg/kg, the total taproot length and taproot mid perimeter treated by pristine nTiO2 was
significantly less than control (p ≤ 0 .05).
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Fig. 3.3. Taproot of control (a), un-coated nTiO2 treated plants at 100 (b), 200 (c) and 400 (d)
mg/kg, hydrophilic coated nTiO2 treated plants at 100 (e), 200 (f) and 400 (g) mg/kg, and
hydrophobic coated nTiO2 treated plants at 100 (h), 200 (i) and 400 (j) mg/kg.
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Fig. 3.4. Taproot fresh biomass (g) of carrots exposed to pristine, hydrophilic, and hydrophobic
coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average of three replicates ±SE.
Lowercase letters stand for statistical differences between different compounds at the same
concentration. Asterisk represent significant differences with respect to control (p ≤ 0.05, n = 3).

3.3.3 Two-photon microscopy image of root Ti uptake
Fig. 3.5 shows representative images of control plant roots (Fig. 3.5A) and roots exposed
to pristine (Fig. 3.5B), hydrophobic (Fig. 3.5C) and hydrophilic (Fig. 3.5D) nTiO2. The
fluorescence emission characterization of pristine, hydrophilic, and hydrophobic nTiO2 in DI
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water is presented in Supplementary Fig. S3.3. The images (Fig. 3.5C-D) suggest that roots were
able to acquire Ti from soils treated with different types of surface-coated nTiO2; while no
detectable signal of uptake was found in control and pristine nTiO2 treated roots. Slight
differences in the fluorescence patterns (hydrophilic with linear rainbow and hydrophobic as
bright points) of each nTiO2 were observed, due to possibly the different chemistry of surface
coatings. These differences were also detected when characterizing the surface coated nTiO2
suspensions (Fig. S3.3). These distinctive fluorescence patterns may suggest that even after
uptaken by root tissue, a certain portion of the surface coatings may remain unchanged. This may
also provide a potential method to distinguish nano TiO2 with different surface coatings inside
plant tissues. To confirm the potential chemical transformation, more microscope studies are
needed in the future.
When comparing the fluorescence spots in Fig. 3.5C and 3.5D, the NPs distribution
patterns looked similar to each other. These patterns indicated that the penetration and uptake
mechanism of two surface-coated nTiO2 were likely the same. Possibly, the hydrophilic or
hydrophobic surface coating did not affect the NP uptake pathway. In a previous study of nCuO
treated green onion, an apoplastic pathway of Cu uptake was suggested using the two-photon
microscopy (Wang et al., 2020a). The fluorescence distribution patterns are also depending on
the plant varieties. Previously, the different biodistribution of Cu in bok choy leaves of two
phenotypes exposed with nCuO was observed (Deng et al., 2020).
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Fig. 3.5. Two-photon microscopy images of carrot (A) control root and roots treated with (B)
pristine, (C) hydrophilic, (D) hydrophobic coated nTiO2 at 400 mg/kg soil, and. The fluorescence
of root cell walls and vascular tissue is shown. Fluorescence from (C) hydrophilic, (D)
hydrophobic coated nTiO2 are pointed out by arrows inside the square.

3.3.4 Micro and macro elements in leaf
Leaf macro (Ca, K, Mg, N, P, and S) and micro (B, Cl, Cu, Fe, Mn, Mo, Ni, Se, and Zn)
element concentrations were determined by ICP-OES. Table 3.1 displays the elements with
significant changes in comparison to control plants (Ca, Mg, Fe, Se, and Zn).
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Calcium-Leaf Ca concentration in plants treated with hydrophilic and hydrophobic
coated nTiO2 at 400 mg/kg (32,184 and 30,607 mg/kg, respectively), were significantly higher
than the pristine one and control (22,824 and 20,706 mg/kg) (p ≤ 0.05). Interestingly, this was in
line with the root Ti uptake pattern results. The average Ca content in control is similar to a
previously reported value, which is 2% of dry leaf weight (Septian, 2017). Calcium plays a
messenger role between environmental changes and plant responses, which involves hormone
production, enzymatic activity, and nodulation. A higher Ca content benefits leaf growth and
development.
Calcium can be translocated to the xylem as Ca2+ solely or complexed with organic acids
through the root apoplast (Hepler, 2005). The improvement of Ca uptake by nTiO2 application to
plants has previously been reported. High level of roots, shoots, and kernels Ca was found in
nTiO2 treated barley at 500 and 1000 mg/kg of soil (Pošćić et al., 2016). In another study, the
higher accumulation of Ca in lettuce root epidermis was presented by nTiO2 suspension at the
highest concentration of 1000 mg/L, which was not observed at lower concentrations, indicating
a dose-dependent mechanism (Larue et al., 2016a). However, this phenomenon was not nTiO2specific since a similar profile with the exposure to nano-Ag was found in the same study.
Another possible explanation laid within the different surface charges of three nTiO2. The
negatively charged pristine nTiO2 is likely to attract and complex with positive Ca2+ ions at the
root-soil interface, reducing its mobility and uptake. On the other hand, unlike the pristine one,
hydrophilic and hydrophobic coated nTiO2 with a positively charged surface (Table S1) could be
associated with the fusaric acid, which could bind divalent metals forming chelating complexes
in soil, thus, increase the bioavailable positively charged Ca2+ and accelerate the absorption to
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the negatively charged root surface (Cooper GM., 2000; Kinraide and Wang, 2010). Similar
results were found in tomato treated with positively charged nano CeO2 (Adisa et al., 2018a).
Magnesium-No significant impacts were found at 100 and 200 mg/kg. However, at 400
mg/kg, hydrophilic and hydrophobic nTiO2 induced significantly more Mg in leaves (4,372 and
4,136 mg/kg) than the pristine one (2,688 mg/kg), as well as than control (3,022 mg/kg). This
trend was in consist with leaf Ca. Mg has a role in maintaining the permeability of cell
membranes and plays an important role in the formation of chromosomes, energy production,
protein synthesis, and is the core of the chlorophyll molecule (“Magnesium | Linus Pauling
Institute | Oregon State University,” n.d.).
This result was expected since it is known that both Ca and Mg share the same
transporter, AtCNGC10 (Guo et al., 2010b). This suggests that the surface coated nTiO2 might
induce the activation of the AtCNGC10 protein in root, improving the translocation of Mg2+ to
leaves. Similarly, Hrubýet al. (2002) reported that oat (Avena sativa L.) showed an increase in
Mg content with increased Ti(IV) concentrations in nutrient solutions.
Iron-The Fe concentrations in carrot leaf were only significantly increased by
hydrophilic and hydrophobic nTiO2 treatments (61.0 and 51.1 mg/kg, respectively) at the highest
concentration compared with control (26.2 mg/kg, p ≤ 0.05). In addition, the increment at 200
mg/kg induced by hydrophobic nTiO2 (60.9 mg/kg) was significantly higher than the pristine one
(29.3 mg/kg). Again, this trend is very similar to the changes in leaf Ca and Mg.
As reported in previous literature, a significantly positive correlation (coefficients > 0.79)
between concentrations of Fe and Ti was found after the exposure of nTiO2 (Jacob et al., 2013),
same as detected in this present study. In another study with lettuce, higher accumulation of root
Fe was found at the highest applied concentration of nTiO2 (1000 mg/L), while not at the lower
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ones (10 and 100 mg/L) (Larue et al., 2016a). This last result is also in line with our findings,
indicating a dose-dependent impact. To explain this phenomenon, other than the surface charge
effect of NPs pointed out above, it is also possible that the stress caused by nTiO2 treatments
increased the production of ferritin, a protein that binds iron (Deák et al., 1999).
Selenium-Significant responses were observed only at the highest concentration in the
hydrophobic nTiO2 treatment, where the leaf Se concentration was higher by 211% and 203%,
with respect to control and pristine equivalent (p ≤ 0.05).
No corresponding data was found in the literature; thus, it was impossible to compare our
results to the previous one. Usually, Se is uptaken by plants as SeO42-. Since Se is chemically
similar to S, they share the same metabolic pathway and transporters (Sors et al., 2005). Among
the three nTiO2 treatments, a significant increase was only detected in leaves from plants treated
with hydrophobic compounds. Since no differences were caused by pristine nTiO2, and no
similar result was found in literature in other plants treated by pristine nTiO2, we could infere
that the specific increment of Se was due to the hydrophobic surface coating.
Zinc-Compared with control (33.5 mg/kg), both two surface-coated nTiO2 increased leaf
Zn accumulation significantly at all exposed concentrations by the range of 71-138% and 158344%, respectively (p ≤ 0.05). At each concentration, the lowest value was in pristine treatment,
while the highest one laid with hydrophobic one. At all concentrations, hydrophobic coated
nTiO2 caused significantly higher leaf Zn concentration than the pristine one by the range of 86375%.
Zn plays a critical role as a cofactor of numerous plant enzymes and transcription
regulation (Lindsay, 1972). Previously, Zn concentration improved by 500 mg/kg TiO2 in barley
kernels was reported (Pošćić et al., 2016). However, the enhance mechanism is still not clear.
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Since Zn and Fe share the same transporters of the ZIP family, it is possible that the increase of
Zn is related to the up regulation of Zn transporter, the same as the increase of Fe. However, this
does not explain why only hydrophobic coated nTiO2 showed the most significant changes.
Thus, the following reason should be applied. Several types of superoxide dismutases (SODs), an
efficient antioxidant against ROS, uses Zn as their cofactors (R. G. Alscher et al., 2002). Thus, it
is also highly possible that the over-accumulation of Zn was a strategy by plants against the
excess of ROS induced by the nTiO2 treatments. It could be deduced that the hydrophobic-coated
nTiO2 induced more ROS stress to carrot plants, compared with the pristine.

3.3.5 Micro and macro elements in secondary roots
Zinc-Interestingly, although all the nTiO2 were applied to the soil, and interacted only
and directly with plant roots, most of the nutrient element concentration changed to a lesser
extent, compared with the leaf. The only significant difference was found in Zn accumulation.
Significantly higher Zn concentration were observed in secondary roots of plants treated with
hydrophobic nTiO2 at all concentrations compared with control, by the range of 139-270% (p ≤
0.05) (Table 1). Hydrophobic coated nTiO2 induced significantly higher root Zn accumulation at
200 and 400 mg/kg (263.0 and 202.2 mg/kg) than pristine (89.6 and 64.7 mg/kg), and at 200
mg/kg than hydrophilic coated one (94.9 mg/kg). No significant changes were found in all the
pristine and hydrophilic nTiO2 treatments. Similar with the increment of Zn in leaves, it is likely
that the hydrophobic nTiO2 induced relatively higher ROS formation in carrot roots than the
other two treatments; thus, more uptake of Zn was required as cofactors of SODs, to protect
plants against the exogenous stress.
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Table 3.1. Concentration (mg/kg DW) of micro- and macro-elements in carrot leaves (Ca, Mg,
Fe, Se and Zn), secondary roots (Zn) and taproots (K, Mg, Mn and Zn). Plants were cultivated
for 115 days in soil amended with pristine, hydrophilic and hydrophobic coated nTiO2 at 0
(control), 100, 200 and 400 mg of Ti/kg of soil. Data are averages of 3 replicates ±Standard
Error (SE).

Plant part

Element

Treatment

Leaf

Ca

Control

Mg

Fe

Se

Zn

Concentration

Mean Std. Error

20,705.501

1,064.91

Pristine

400

22,824.25

1,249.43

Hydrophilic

400

32,184.25

1,980.39

Hydrophobic

400

30,607.24

2,227.91

Control

3021.94

110.35

Pristine

400

2,688.36

171.51

Hydrophilic

400

4,372.12

65.65

Hydrophobic

400

4,135.79

252.13

Control

26.18

1.64

Pristine

200

29.34

4.33

Pristine

400

41.97

4.29

Hydrophilic

200

45.28

9.06

Hydrophilic

400

60.98

4.31

Hydrophobic

200

60.87

4.44

Hydrophobic

400

51.10

7.09

Control

0

5.99

.98

Pristine

400

6.16

.67

Hydrophilic

400

12.79

.83

Hydrophobic

400

18.65

2.48

Control

0

33.51

4.03
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Root

Taproot flesh

Zn

K

Pristine

100

48.60

16.10

Pristine

200

31.34

1.89

Pristine

400

46.50

3.84

Hydrophilic

100

57.36

7.84

Hydrophilic

200

67.99

1.30

Hydrophilic

400

79.85

4.69

Hydrophobic

100

112.58

15.53

Hydrophobic

200

148.86

6.98

Hydrophobic

400

86.55

3.62

Control

0

71.08

8.36

Pristine

100

100.82

8.14

Pristine

200

89.55

11.17

Pristine

400

64.71

7.96

Hydrophilic

100

88.75

17.71

Hydrophilic

200

94.94

39.55

Hydrophilic

400

172.07

26.22

Hydrophobic

100

169.77

26.05

Hydrophobic

200

262.96

19.96

Hydrophobic

400

202.16

18.07

Control

0

19992.43

2395.34

Pristine

100

22108.44

315.67

Pristine

200

24980.34

1795.36

Pristine

400

31672.96

2340.89

Hydrophilic

100

32156.96

2581.50

Hydrophilic

200

34564.44

3932.10

Hydrophilic

400

39800.94

1427.25

Hydrophobic

100

32430.41

765.29

Hydrophobic

200

40070.22

5782.00
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Mg

Mn

Zn

Hydrophobic

400

Control

0

814.67

35.70

Pristine

100

633.81

13.36

Pristine

200

513.31

39.77

Pristine

400

542.20

47.24

Hydrophilic

100

481.98

61.47

Hydrophilic

200

532.54

73.91

Hydrophilic

400

414.72

20.59

Hydrophobic

100

534.48

43.51

Hydrophobic

200

511.70

38.59

Hydrophobic

400

626.64

38.55

Control

0

8.14

.54

Pristine

100

9.13

.03

Pristine

200

6.70

.63

Pristine

400

2.47

.28

Hydrophilic

100

2.57

.58

Hydrophilic

200

4.40

.78

Hydrophilic

400

4.49

.53

Hydrophobic

100

4.44

.72

Hydrophobic

200

3.55

1.06

Hydrophobic

400

4.39

.12

Control

0

8.77

.35

Pristine

100

9.82

.68

Pristine

200

2.96

1.13

Pristine

400

1.81

.78

Hydrophilic

100

3.74

.65

Hydrophilic

200

4.27

1.48

Hydrophilic

400

2.83

.24

Hydrophobic

100

5.05

.85
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42658.82

5896.70

Hydrophobic

200

4.25

.98

Hydrophobic

400

5.12

.96

3.3.6 Micro and macro elements in the taproot
Potassium-As shown in Table 3.1, all the three types of nTiO2 increased taproot flesh K
concentrations. The enhancement was more significant with hydrophilic and hydrophobic coated
treatments. At 100 mg/kg, they caused significantly higher K accumulation than the pristine
(22,108 mg/kg DW) by 45.5 and 46.7%, respectively. Compared with control (19,992 mg/kg
DW), significant increments were found in plants treated with two surface coated nTiO2 at 200
and 400 mg/kg (by 72.9-113.4%), and the pristine one at 400 mg/kg (by 58.4%) (p ≤ 0 .05). In
addition, dose-dependent responses were found. On average, taproot K accumulation was
significantly increased by nTiO2 treatments at 100 (28.899 mg/kg) and 400 mg/kg (38.044
mg/kg), with respect to control (19,992 mg/kg).
Magnesium, Manganese, and Zinc-As seen in Table 3.1, taproot flesh Mg accumulation
was significantly decreased in all the treatments by up to 49.1%, compared with control (814
mg/kg) (p ≤ 0 .05). However, no dose-dependent trend was found. In addition, at 400 mg/kg, the
reduction in hydrophobic coated nTiO2 treatments (626.6 mg/kg) was less than the hydrophilic
coated one (414.7 mg/kg). A very similar pattern was found of Mn and Zn concentrations in
taproots (Table 1), where their value in most treatments was significantly lower than control.
Again, at 400 mg/kg, less reduction effect was detected by hydrophobic coated nTiO2 on Mn and
Zn accumulations (4.39 and 5.12 mg/kg), with respect to pristine (2.47 and 1.81 mg/kg). The
different particle surface charges could be one of the reasons. The positively charged
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hydrophobic nTiO2 may repel those cations of Mg2+, Mn2+, and Zn2+ in soil, increasing their
bioavailable amount, different from the negatively charged pristine nTiO2.
Similar results of the reduction of Mg and Mn concentrations were reported by Jacob et
al. using beans, wheat, and curly dock exposed to pristine nTiO2. In their experiment, seedlings
grown in Petri dishes were transplanted to hydroponics and exposed for 4-weeks to the NPs
(Jacob et al., 2013). With the addition of nTiO2, the concentration of Mg and Mn decreased from
2479 and 5219 mg/kg to 2041 and 4340 mg/kg, respectively (Jacob et al., 2013). A potential
explanation could be the nutrient-nutrient interactions summarized previously by other
researchers. They found the divalent cation transporter, which involved in Mn uptaken by plants
interacted with Mg and Zn (Bindraban et al., 2015). The excess of other elements may also cause
the deficiency of Mg, Mn, and Zn (Chen et al., 2009). In addition, Mn and Zn act as a cofactor
for the antioxidant enzymes of Mn/Zn superoxide dismutase (Mn/ZnSOD) and MnSOD, which
protects plants against ROS damage.

3.4 CONCLUSION
This study describes the surface coating chemistry-dependent responses of carrot plants treated
with nTiO2. Ti accumulation in roots exposed to coated nTiO2 was higher than pristine nTiO2 and
control, as proved by the ICP data. A similar distribution pattern of hydrophilic and hydrophobicnTiO2 treatments secondary roots may suggest an uptake pathway independent of the surface
coating chemistry of nTiO2. No detectable Ti translocation was found in taproots or the upground parts. Although no visible signs of toxicity were observed in carrot up-green parts and
secondary roots, abnormal taproot splitting decreased taproot biomass and essential element
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(Mg, Mn and Zn) accumulations. The contents of Ca, Mg, Fe, and Zn in leaves was increased
after treated with pristine and hydrophilic nTiO2 but not after hydrophobic nTiO2 application,
suggesting a surface coating effect. Due to the impacts mentioned above, more sustainable, and
biocompatible surface coatings developments are needed. The effect of NPs and their surface
coatings need to be considered when making regulations, since they differently affected plant Ti
uptake, root splitting biomass, and elements accumulation. More studies on the long-term effect
of surface-coated NPs in the ecosystem are required.
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Chapter 4: Aging Process as A Sustainable Strategy to Alleviate Phytotoxicity
of Nanoparticles: Soil-Aged Surface-Coated nano TiO2 Improve Full-grown
Carrot Physiological Performance

4.1 INTRODUCTION
Agricultural crops are the main source used to feed the rapidly growing world population,
which is estimated to be 9 billion in 2050. Agriculture production will constantly face adverse
conditions such as climate change and shrinking farmlands. Engineered nanoparticles (ENPs) are
being studied and applied as potential nanopesticides or nanofertilizers (White and GardeaTorresdey, 2018). The possibility of direct and indirect contact of ENPs with farmlands has
increased, along with other pathways via ENPs-treated wastewater irrigation, unregulated
industrial waste discharge, landfill leaching, and accidental spills (Rawat et al., 2018a). Thus, the
potential effects of the released ENPs to the ecological environment, especially agriculture crops,
need to be thoroughly investigated.
Nano TiO2 (nTiO2), used mainly as cosmetics (sunscreens), plastics, and coatings
(Piccinno et al., 2012), is considered as the most produced ENPs worldwide (Mitrano et al., 2015;
Piccinno et al., 2012). In 2010, the estimated annual emissions into soil and water were up to
23,130 and 36,664 metric tons, respectively (Keller and Lazareva, 2013). It is estimated that the
TiO2 world annual production will be around 2.5 million metric tons by 2050, which will occupy
nearly 100% of the total TiO2 material market (Robichaud et al., 2009). Remarkably, nTiO2 with
hydrophilic or hydrophobic surface coatings have been developed and widely used nowadays to
achieve advanced functionalities and meet unique demands, such as corrosion resistance, less
catalytic degradation, self-cleaning and depolluting abilities (Bergamonti et al., 2015; Calia et al.,
2017; Chen et al., 2019; Colangiuli et al., 2019).
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As one of the leading sinks, soils could preserve ENPs for a longer time compared to the
aquatic media (Peijnenburg et al., 2016). The interaction between ENPs and soil is relatively
complex, since a soil-water-air interface is included in the vadose zone (Yecheskel et al., 2016).
Factors involved in ENPs fate and transformation in soil include soil porosity, texture, structure,
matrix surface charge, pH, organic matter content, salinity, and microbial activity. Besides,
environmental conditions such as moisture, temperature,

and the properties of ENPs such as

chemical composition and surface coatings, should also be considered (Rawat et al., 2018a).
Among all of them, the surface chemistry of ENPs plays a significant role since they affect
solubility and chemical reactivities due to the presence of differently coated functional groups.
However, the function that those surface coatings have on the development of plants is still not
well understood.
Moreover, the effect of soil-aged nTiO2 with different surface coatings on plant
development is still unknown. Soil plays a unique role in the physical or chemical transformations
of environmental pollutants over time (Alexander†, 2000; Coutris et al., 2012). Since the chemical
properties of nTiO2 are largely stable, they could be retained in the surface region of soil for a
relatively long time (Chen et al., 2012; Godinez and Darnault, 2011). During the weathering
process, nTiO2 interact with the soil and affect soil microorganism´s function. In addition, the
nTiO2 coatings can be removed or react with the organic matter during the weathering in soil
(Lapied et al., 2011). Previously, nano and micro TiO2 mixtures from aged paint were foliarlyexposed to lettuce for 7 days (Larue et al., 2014b). The results of this study showed that both TiO2
particles were internalized and found in all types of tissues. Since time is a significant factor that
affects ENPs aging process (Labille et al., 2010), long term aging of TiO2 in soil and its effects on
plant performance in a full life cycle are needed.
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Carrots (Daucus carota L.), with a total annual production of 38.84 million metric tons in
2014, is a widely consumed and nutritionally important root crop (Sharma, 2018). Compared to
other vegetables and in spite of the fact that its main edible part is laid in soil under potentially
direct interaction with the ENPs, few studies on carrot plants after ENPs exposure exist. To the
authors´knowledge, the effect of aged ENPs on the development of carrot plants is unknown.
Here, we present a follow-up study from our previous work on carrot plants. The mentioned
research demonstrated the phytotoxic effects of surface-coated nTiO2 on carrot development
(Wang et al., 2020b). Hence, we were interested in evaluating the TiO2 weathering effect on carrot
physiological performance. This study aimed to determine the effects of aged nTiO2 modified with
different surface coatings on carrot plant development, grown in natural soil. After interacting with
the chemical/biochemical components in natural soil over 4 months, we expected that the surface
properties of the nTiO2 would change and induce different responses of carrot plants, respect to
control and the corresponding phytotoxic results found in our previous unaged study (Wang et al.,
2020b). The specific effect on plant Ti uptake, taproot biomass and morphology, leaf growth,
nutrient element and biomacromolecule accumulations was investigated.

4.2 MATERIALS AND METHODS
4.2.1 Preparation of nTiO2 aging in soil
Three types of nTiO2 (pristine, hydrophilic, and hydrophobic surface-coated) were
obtained from US research Nanomaterials and Sachtleben Chemie, Germany. Their particle sizes
have been characterized using SEM, with the same size of 50 ± 25 nm; all the three nTiO2 belonged
to a rutile phase (Table S3.1), as previously reported (Tan et al., 2017a). To obtain the hydrophilic
or hydrophobic surface properties, pristine nTiO2 particles were first capped with 6 wt% Al2O3,
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then 1 wt% of glycerol or 2 wt% of dimethicone, respectively (Tan et al., 2017a). Suspensions of
each nTiO2 were made with 50 mL Millipore water (MW) using a water-based sonicator (Crest
Ultrasonics, Trenton, NJ).
Natural soil was selected locally in an agricultural field (Socorro TX, USA, latitude:
31°67′ N, longitude: 106°28′ W, and elevation: 1115 m asl) and sieved through an 8 mm sieve.
They were previously characterized as medium loam: 19% clay, 44% silt, and 36% sand; 2.8%
organic matter, pH = 7.8 ± 0.021, EC = 1705 ± 47.6 µS/cm, and TDS = 847.5 ± 23.8 mg/L
(Majumdar et al., 2015c). Potting mix (Miracle-Gro® organic) was purchased from the
supermarket. Both natural soil and potting mix (providing additional organic matters) were used
at the ratio of 5:1 by weight. Then the NPs suspensions prepared above were added into these soils
to reach a final concentration of 100, 200, and 400 mg Ti/kg soil. Pure 50 mL MW was applied as
a control. They were manually mixed for 20 min until homogeneous. The highest concentration
was chosen based on the predicted environmental nTiO2 concentrations, especially in the U.S.
(Gottschalk et al., 2009). All the pots were filled with MW until reaching 60% of the maximal
field capacity and left for 4 months in a growth chamber (the conditions are listed below). During
the aging process, pots were checked every day and MW was added when necessary to keep soil
moisture. Three replicates were applied for each treatment.

4.2.2 Seed germination and plant cultivation
Carrot seeds of Royal Chantenay variety were bought from AGWAY®. They were stored
at 4 °C before use. After sterilized with 2% NaClO for 20 min, seeds were washed and stirred in
MW for 24 h for awakening. After germination for fourteen days, seedlings were planted into pots
filled with soil amended with nTiO2 prepared above. All pots were placed in a growth chamber
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(Environmental Growth Chamber, Chagrin Falls, OH) in a randomized factorial design for 115
days until full maturity. The conditions were remained at: 65% relative humidity, 25/20 °C
day/night with 340 μmol m−2 s−1 light intensity, and 14 h photoperiod. No additional fertilizer or
nutrient solution was added.

4.2.3 Plant harvest and agronomic parameters
At harvesting, secondary roots, taproots (peer and flesh), stems, and leaves were carefully
separated and collected. All the tissue samples were washed three times with 0.01 M HNO3 and
MW to remove surface-adhered soil and nanoparticles. Agronomic parameters such as plant height,
aboveground tissue weight, taproot length, taproot weight, and taproot water content were
measured and recorded.

4.2.4 Ti uptake and nutrient element concentration
Titanium uptake, macronutrients (Ca, Mg, P, S, and K) and micronutrients (Cl, Zn, Fe, B,
Mn, Cu, Mo, and Ni) were measured using inductively coupled plasma – optical emission
spectrometry (ICP-OES) (Perkin-Elmer Optima 4300 DV) (Larue et al., 2014a). Tissues were
stored in paper envelopes and dried at 70 °C for 72 h in oven. About 0.2 g ground sample were
weighed and acid-digested (Tan et al., 2017b). Briefly, Teflon reaction vessels (Anton Paar GmbH,
Austria) were used to hold tissue samples which were treated with 1 mL H2O2 and 2 mL plasma
pure HNO3. After 30 min, another 5 mL plasma pure H2SO4 were added. After 10 min, all the
samples were further digested in a multiwave 3000 Anton Paar microwave system (Perkin-Elmer,
Austria) at 800 W (170 ±10 °C, 1,100 ± 300 kPa) for 15 min. A cool-down procedure was added
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in the end (from 800 to 0 W for 30 min). To validate the measurements, blank (no plant tissues),
pure nTiO2 powder, standard reference material (NIST-SRF 1570a and 1547, Metuchen, NJ), and
spiked samples were also treated by the same procedure and analyzed at every 20 samples interval.
The recovery rate was 83%.

4.2.5 Sugar and Starch
Dry tissue samples of ~100 mg were homogenized in 10 mL 80% ethanol, boiled in water
bath at 80 °C for 30 min and then centrifuged at 22,000 × g for 20 min (DuBois et al., 1956). The
supernatant was kept. This extraction steps were repeated for three times and all the extracts were
added together. They were evaporated to 3 mL by evaporation and then diluted to 25 mL with MW
for the total sugar content analysis according to DuBois et al. (1956). To measure the starch content,
briefly, 2 mL MW was added to dry residues. After heated in water bath (100 °C) for 15 min, they
were cooled to room temperature and 2 mL of concentrated H2SO4 were added. After 15 min
incubation, tubes were brought to 10 mL with MW. The solutions were centrifuged at 3000 × g
for 20 min and the supernatant was recovered. The extraction was repeated using 50% of H2SO4.
Then, all the supernatants were mixed and brought to 50 mL with MPW. The starch content was
quantified according to the method of DuBois et al. (1956).

4.2.6 Statistical analysis
To analyze the statistical differences between each treatments, Statistical Package for the
Social Sciences 25 (SPSS, Chicago, IL, USA) was applied using one-way ANOVA followed by a
Post-Tukey test (p ≤ 0.05). Data were reported as means ±standard errors (SE) of triplicates.
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4.3. RESULTS AND DISCUSSION
4.3.1 Ti uptake by roots changed along with the zeta potential of aged nTiO2
Soil-grown carrots were exposed to 4-month-aged nTiO2 (with different surface coatings)
for 115 days until full maturity. Significant 79% higher Ti concentration was only found in pristine
and hydrophobic-coated nTiO2 treated secondary roots at 400 mg/kg, compared with control (Fig.
4.1) (p ≤ 0 .05). No significant Ti translocation was detected in the other parts of the carrot plant,
including taproots flesh, taproots core, shoots, and leaves. Compared with our previous study
without aging (Wang et al., 2020b), the Ti uptake in secondary carrot roots was ceased after the
aging process in the hydrophilic-coated nTiO2 treatments, from 140.1 ±19.0 mg/kg at 400 mg/kg
DW to undetectable amounts. Meanwhile, Ti increased from undetectable amounts in the
unweathered pristine to 76.5 ±3.7 mg/kg DW in the aged pristine nTiO2 at 400 mg/kg (Fig. 4.1).
The observed change in nTiO2 surface charge may be an important factor that affected Ti
uptake results after the aging process. The data of zeta potential obtained from aged-nTiO2 in DI
suspensions is shown in Fig. 4.2. After the aging process, the zeta potential value of hydrophiliccoated nTiO2 changed from +26.9 to 1.97 (at pH 7.0). This decrement suggested less charge on
the particle surface to repel each other, which made the hydrophilic easier to aggregate into big
clusters. Thus, although significantly higher root Ti uptake than control was previously found in
unaged hydrophilically-treated plants at 400 mg/kg (Wang et al., 2020b), it no longer remained
after aging.
For the hydrophobic coated nTiO2-treated plants, significant Ti uptake at 400 mg/kg by
root was detected both in the present study and the previous reported non-aged work (Wang et al.,
2020b). However, the increased Ti amount was lower after aging (by 40%), as normalized with
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the corresponding controls. This may also be due to the change of surface charge from +27.0 to 7.56 after aging. Same as the above, this can result in more aggregation and less attachment to
roots, since the membrane of root cells is negatively charged on the surface (Cooper GM., 2000).
During the weathering process, some of the hydrophobic surface coatings may be unstable and
release into the soil (Auffan et al., 2010). According to the previous studies of surface coated nAu,
the positively surface-charged nAu were uptaken by plants with more preference than the negative
nAu (Judy et al., 2012; Koelmel et al., 2013). The preferent uptake of positively charged nTiO2
over negatively charged ones was also suggested by our previous study of un-aged nTiO2 with
carrot plants (Wang et al., 2020b). In addition, the interaction between the surface coating and soil
may also play an ineluctable role. After aging, the zeta potential of the pristine nTiO2 changed
from -14.5 to -31.6, at pH 7.0. It was likely that during the aging process, pristine nTiO2 interacted
with the soil organic matter or microorganisms, and were consequently attached or coated (Auffan
et al., 2010) (Lapied et al., 2011). Specifically, citric acid in soil could make NPs electronegative
and stimulate the metal ion uptake (Mudunkotuwa et al., 2012).

In a column study with

polyacrylamide beads, the positively charged stationary Ag NPs were transformed into a negative
charge and became mobile after aging (Naftaly et al., 2016). Thus, with improved stability and
biocompatibility, pristine nTiO2 penetrated the carrot root more easily after a 4-month interaction
with soil, concerning our previous unaged study.
Concentration was another parameter that played a role during the aging process. The
impact of the aging process on Ti uptake was shown only at 400 mg/kg. Since nTiO2 is likely to
aggregate in soil, the amount of bioavailable Ti might consequently be decreased. The 100 and
200 mg/kg nTiO2 treatments may be too low to show a significant difference in Ti uptake. Thus,
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only at the highest concentration, a significant Ti uptake and changes due to the aging process
were observed.

Fig. 4.1. Titanium concentration (mg/kg DW) in carrot roots exposed to 4-month-aged pristine,
hydrophilic, and hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average
of three replicates ±SE. Lowercase letters stand for statistical differences between different
compounds at the same concentration. Asterisks represent significant differences between
treatments and control (p ≤ 0.05, n = 3).
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Fig. 4.2. Effect of pH (ranged from 3-10) on the ζ-potential of 4-month-aged (A) pristine, (B)
hydrophilic coated and (C) hydrophobic coated nTiO2 at 400 mg/kg suspended in MW.

4.3.2 Taproots fresh biomass were improved by the two aged nTiO2 with surface coatings
The biomass data of fresh carrot taproot grown in soil amended with aged nTiO2 for 115
days is shown in Fig. 4.3A. Interestingly, when comparing these results with our previous study
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(Wang et al., 2020b), where freshly amended soil with nTiO2 were used instead, the aging process
alleviated the inhibition effect of pristine nTiO2 application on taproot growth overall. Moreover,
the aging process enhanced taproot fresh biomass of plants treated by surface-coated nTiO2, which
depended on both concentration and coating type.
Specifically, taproot fresh biomass of carrots treated with 400 mg/kg of hydrophilic nTiO2
and 100 mg/kg of hydrophobic nTiO2 were increased by 43% and 64%, compared with control;
while without the 4-month-aging, it was significantly decreased at all concentrations (p ≤ 0 .05)
(Wang et al., 2020b). In our previous study, the 400 mg/kg pristine nTiO2-treated carrot taproot
showed significantly lighter taproot biomass than control by 40%. However, after 4-month-aging
in soil, the 400 mg/kg pristine nTiO2 treatment, did no longer cause any harmful effect (Fig. 4.3A).
With the increased concentrations, different trends of responses were shown by the plants treated
with surface-coated nTiO2. Hydrophobic coated nTiO2-treated carrot developed the heaviest
taproot at 100 and 200 mg/kg, while at 400 mg/kg, the highest taproot biomass was found in
hydrophilic coated nTiO2-treated plants. This surface coating and concentration-dependent
interaction effect was also confirmed by a two-way ANOVA test (p ≤ 0.001, partial eta squared =
0.761). Soil or foliar applied Ti/nTiO2 has been reported to enhance crop performance by
stimulating enzyme or photosynthesis activities, promoting nutrient contents and strengthening
stress tolerance, thus improving crop yield (Lyu et al., 2017). Commercial fertilizers such as
Tytanit and Mg-Titanit containing Ti as biostimulants, could enhance the production of agriculture
crops. To our best knowledge, our results showed, for the first time, that the aged nTiO2 with
different surface coatings increased carrot taproot fresh biomass. These results would give
constructive suggestions in future regulations and applications of surface coated nTiO2.
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Fig. 4.3. (A) Taproot fresh biomass, (B) Leaf fresh biomass (g) and (C) plant height (cm) of
carrot exposed to 4-month-aged pristine, hydrophilic, and hydrophobic coated nano TiO2 at 0,
100, 200 and 400 mg/kg soil. Data are the average of three replicates ±SE. Lowercase letters
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stand for statistical differences between different compounds at same concentration. Asterisks
represent significant differences between treatments and control (p ≤ 0.05, n = 3).

4.3.3 Leaves fresh biomass and height were improved by aged surface-coated nTiO2
The changes trend in leaves fresh weight (Fig. 4.3B) was similar to taproot biomass.
Carrots treated with 400 mg/kg hydrophilic nTiO2 and 100 mg/kg hydrophobic nTiO2 had higher
leaves fresh weight by 19% and 40%, respectively, than control (p ≤ 0.05). A corresponding
increment of plant height (by 40%) was found in the 100 mg/kg hydrophobic nTiO2 treatment,
compared to control (Fig. 4.3C) (p ≤ 0.05). These improvements in top green may benefit the
biomass accumulation in taproots (Fig. 4.3A).
The enhancements in leaves fresh weight and taproot biomass caused by two surface coated
nTiO2 mentioned above was not observed in the plants treated with corresponding unaged nTiO2.
On the other hand, after the aging process, all the enhancement in leaves fresh biomass and plant
height by unaged pristine nTiO2 exposure observed in the previous study disappeared (Fig. 4.3B
and 4.3C). The increment of plant height after plants were exposed to 100 mg/kg hydrophobic
coated nTiO2 was remained, before and after aging (Fig. 4.3C). After aging in the soil and
interacting with certain chemical components, the biocompatibility and surface charge of these
nTiO2 changed. Particularly, the hydrophilic nTiO2 showed positive effects only after the aging
process.

4.3.4 Taproot morphology
We previously reported a major impairment in carrot when they grew in soils amended
with surface-coated nTiO2. The main roots were abnormally split (Wang et al., 2020b).
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Interestingly, here we found that the splitting of taproots disappeared after the weathering process.
No wilting or necrosis was observed in any treatments. To better describe the shape of each taproot,
the value of total length, top, mid perimeters, and core diameter were measured. Significant
changes compared with control were only found in taproot total length and top perimeter (Fig. 4.4)
(p ≤ 0 .05).
As shown in Fig. 4.4A, taproot total length was significantly increased by the application
of 400 mg/kg aged hydrophilic nTiO2 (12.1 cm) and 100 mg/kg aged hydrophobic nTiO2 (11.4
cm), respectively, compared with control (7.9 cm) (p ≤ 0 .05). This increment was in line with
taproot fresh biomass (Fig. 4.3A), leaves fresh biomass (Fig. 4.3B) and taproot top perimeter data
(Fig. 4.4B) in the corresponding treatment conditions. In our previous study without aging, no such
enhancement of taproot total length and top perimeter was found (Wang et al., 2020b). On the
other hand, at the highest concentration, the positive effect of pristine nTiO2 reported in the unaged
study did no longer exist. According to the results mentioned above, the aging process played a
substantial role, and exerted different influences on carrot taproots development. In addition, since
root splitting was considered as an anti-stress strategy adopted by plants, much less abiotic stress
due to nTiO2 exposure such as root surface adherence, were imposed to carrots after the aging
process (Jiang et al., 2017).
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Fig. 4.4. (A) Taproot total length (cm) and (B) taproot top perimeter (cm) of carrots exposed to
4-month-aged pristine, hydrophilic, and hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg.
Data are the average of three replicates ±SE. Lowercase letters stand for statistical differences
between different compounds at the same concentration. Asterisks stand for significant
differences between treatments and control (p ≤ 0.05, n = 3).
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4.3.5 Nutrient element accumulations in roots and leaves
Macro (Ca, K, Mg, N, P and S) and micro (B, Cl, Cu, Fe, Mn, Mo, Ni, Se and Zn) element
concentrations in carrot roots and leaves were determined. Only data that is significantly different
with respect to control plants is shown in Table 4.1 (Ca, K, Fe and Zn). Compared with control,
Ca, Zn, K in roots and Fe accumulation in leaves increased in hydrophobic nTiO2- treated plants;
root Zn, K and leaf Fe concentration augmented in hydrophilic nTiO2 treatments; in the pristine
nTiO2-treated roots, only Ca content was enhanced (p ≤ 0.05).
Calcium—At 400 mg/kg, roots treated with pristine and hydrophobic coated nTiO2
accumulated significantly higher Ca than control by 32% and 35%, respectively (p ≤ 0.05). This
agreed with the root Ti uptake data shown above. Similar results of the increased Ca accumulation
by nTiO2 exposure have been reported in shoots and kernels of barley (Hordeum vulgare), and
lettuce (Lactuca sativa) roots at 500 or 1000 mg/kg, but not at lower concentrations.(Pošćić et al.,
2016),(Larue et al., 2016b) In nCuO-treated green onion (Allium fistulosum)(Wang et al., 2020a)
and nCeO2 treated tomato (Solanum lycopersicum) (Adisa et al., 2018b), enhanced Ca contents
were also found due to the potential alteration of the permeability of Ca channels. In our previous
study, Ti caused Ca concentration increment in leaves. Since the Ti root uptake results changed
after the aging process, the Ca increment was also different from the previous one. After the aging
process of nTiO2 in soil, more beneficial effects of pristine nTiO2 exposure were observed. The
comparison between this present study and our previous work without aging (Wang et al., 2020b),
indicated that the Ca content was not only affected by the positive correlation effect with Ti
accumulation in roots, but also by different aging mechanisms that the three differently coated
nTiO2 underwent. Calcium play the role known as messengers between environmental changes
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and plant responses involving hormone production, enzymatic activity, and nodulation. The higher
Ca could benefit leaf growth and development.
Zinc—As seen in Table 4.1, significantly Zn accumulations were found in carrot roots
treated by the two coated nTiO2 at higher concentrations, with respect to control. The increment
was up to 143% and 86% corresponding to the hydrophilic and hydrophobic treatments,
respectively. Very similar results were found in our previous study (Wang et al., 2020b). Without
aging, the two coated nTiO2 significantly increased Zn accumulation in carrot roots as well as
leaves, at different concentrations. The impact of nTiO2 on Zn uptake was independent of the aging
process, and only related to particle surface coatings. Zn plays a critical role as a cofactor of plant
enzymes and transcription regulation, such as superoxide dismutases (SODs), an efficient
antioxidant against ROS (Ruth Grene Alscher et al., 2002). The increased Zn concentration in
roots may improve the anti-stress ability of plants against the formation of ROS species. In a
previous study of barley, the increased Zn accumulation in kernels was also reported after the soil
exposure of nTiO2 at 500 mg/kg (Pošćić et al., 2016).
Potassium—Significant increase of K concentration was found in carrot roots treated with
400 mg/kg of hydrophilic coated nTiO2 and 100 mg/kg of hydrophobic coated nTiO2 (p ≤ 0.05).
This result agreed with the data found in this study regarding taproot biomass, leaf biomass, taproot
length and top perimeter. In our previous study, a higher accumulation of K in taproots treated by
the three nTiO2 was also reported (Wang et al., 2020b). The positive effect of pristine nTiO2 at
400 mg/kg previously shown did not remain after the aging process. Potassium is an essential
element for plant biochemical and physiological function. It plays a vital role in stabilizing pH for
optimum enzyme activities, water and nutrient transport, and stomata on-off. In the present study,
increased K may contribute to the development and nutritional value of carrot, and aid in regulating
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enzyme activities. Servin et al. (2013) reported a significant K increase in cucumber fruit grown
in soil amended with 500 mg/kg pristine anatase-rutile nano TiO2. Wu et al. (2003) demonstrated
by electrophysiological and genetic studies that the uptake of K was affected by plant hormones
like cytokinins. Moreover, channel mediates K+ release into the root xylem was controlled by
abscisic acid, the stress hormone (de Boer, 1999). In a wheat seedling study treated with nano TiO2,
a dose-dependent increase of abscisic acid was detected (Jiang et al., 2017). In another study, the
author claimed that nano TiO2 may have a similar function as cytokinin in plant (Mandeh et al.,
2012b). Thus, it was likely that nano TiO2 based treatment, acted as cytokinin hormone, also
increased the concentration of abscisic acid in carrot plant, up-regulated the K+ release.
Iron—Concentration of Fe in leaves was significantly enhanced by hydrophilic and
hydrophobic-coated nTiO2 by up to 39% at ≥200 mg/kg and by up to 66% at all concentrations,
respectively, compared to control (p ≤ 0.05). In our previous study, a similar increment of leaf Fe
content by 400 mg/kg of hydrophilic and hydrophobic coated nTiO2 exposure was reported (Wang
et al., 2020b). After the aging process, this positive effect remained. It has been reported that Ti
could benefit plants by increasing Fe absorption (Abadía, 2012). It has also been suggested that Ti
and Fe have synergistic relationships. Titanium could activate the gene expressions related to Fe
acquisition when needed, thus improve Fe uptake and plant growth (Lyu et al., 2017). In another
study with the exposure of nTiO2 to lettuce, this positive correlation between Ti and Fe was
reported (Larue et al., 2016b). In addition, since Zn and Fe share the same transporters of ZIP
family, it is also possible that the increment of Fe is related to the up-regulation of Fe transporter,
same as the increase of Zn.
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4.3.6 Nutrient element accumulations in taproot flesh and core
Macro (Ca, K, Mg, N, P and S) and micro (B, Cl, Cu, Fe, Mn, Mo, Ni, Se and Zn) element
concentrations in carrot taproot flesh and core were determined. Only data that is significantly
different with respect to control plants is shown in Table 4.1 (Ca, K, Fe and Zn). Compared with
control, lower Mn and Ca in flesh and core, lower Fe and Zn in core, and higher flesh and core Mg
accumulation were detected in hydrophobic nTiO2 treatments; Mn concentration in flesh and core
were reduced, while core Mg was improved in hydrophilic nTiO2 treatments (p ≤ 0.05).
Manganese—As seen in Table 4.1, Mn concentration in both taproot flesh and core were
decreased by the two surface-coated nTiO2. Specifically, at 400 mg/kg, the significant decrement
in the flesh by hydrophilic and hydrophobic coated nTiO2 was by 35% and 33%, compared with
control; while in the core, similarly, 25% and 50% lower Mn accumulation was found, respectively
(p ≤ 0.05).
Referring to our previous study, the inhibition effect of surface-coated nTiO2 at 100 and
200 mg/kg on taproot Mn uptake was alleviated by the aging process. Without weathering in soil,
significant decreases were found in taproot flesh and core at nearly all the concentrations in surface
coated nTiO2 treatments (Wang et al., 2020b). Besides, there is only one study that reported the
change of Mn accumulation by plant after nTiO2 exposure. At 500 mg/kg, Mn concentration of
soil-grown barley kernels was improved by pristine nTiO2 (Pošćić et al., 2016). Compared with
our present results, it indicated that the surface coating and the aging process changed the initial
impact of nTiO2 on plant Mn accumulation. However, to clearly understand this phenomenon,
further studies are needed.
Magnesium—In taproot flesh, Mg concentrations were significantly increased by
hydrophobic-coated nTiO2 at 100 and 200 mg/kg. In core, an improvement was found in 400
80

mg/kg hydrophilic-coated nTiO2–treated plants and at 100 mg/kg hydrophobic-coated nTiO2
treatment. This was different from the results reported in our previous study (Wang et al., 2020b).
Without aging, all the treatments had lower flesh Mg accumulation than control. More future
works at molecular levels are needed to investigate the potential alteration of Mg transporter
activities and the bioavailability of Mg in soil that were affected by the aged nTiO2.
Calcium, Iron and Zinc—In 400 mg/kg hydrophobic-coated nTiO2 treatment, Ca
concentrations in flesh and core, and Fe and Zn concentrations in core, were all significantly lower
than control (p ≤ 0.05). On the contrary, all these nutrient elements were increased in roots or
leaves as discussed above. In our previous study, Zn concentrations in flesh were previously
reported to be decreased by all the nTiO2 treatments (Wang et al., 2020b). However, after aging,
this inhibition effect remained only with 400 mg/kg hydrophobic coated nTiO2, indicating its longtern impact compared with the others.

Table 4.1. Concentration (mg/kg DW) of micro- and macro-elements in carrot leaves (Ca, Mg,
Fe, Se and Zn), secondary roots (Zn) and taproots (K, Mg, Mn and Zn). Plants were cultivated
for 115 days in soil amended with 4-month-aged pristine, hydrophilic and hydrophobic coated
nTiO2 at 0 (control), 100, 200 and 400 mg of Ti/kg of soil. Data are averages of 3 replicates ±
Standard Error (SE).
Plant part

Element

Treatment

Concentration

Control

Ca
Root

3604.01

316.32

Pristine

400

4747.65

237.49

Hydrophobic

200

5072.11

233.24

Hydrophobic

400

4856.72

344.8

Control
Zn

Mean Std.
(mg/kg) Error

Hydrophilic

100
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17.9

3.8

32.2

3.82

Hydrophilic

200

43.06

1.25

Hydrophilic

400

43.55

1.54

Hydrophobic

200

33.28

5.94

Hydrophobic

400

31.68

2.81

Control
K

Fe

400

44482.48

3954.62

Hydrophobic

100

37781.34

1720.64

Taproot
flesh

15.67

1.17

Hydrophilic

400

15.85

2.14

Hydrophobic

100

19.02

0.73
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Control
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Mn
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19.22
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4.3.7 Biomacromolecule contents
Sugar and starch—Taproot sugar and starch concentrations (Fig. 4.5) were negatively
affected by the exposure of aged surface-coated nTiO2. At 400 mg/kg, the reduction of starch by
hydrophilic and hydrophobic coated nTiO2 were by 36% and 60%, respectively; meanwhile,
hydrophobic-coated nTiO2 decreased sugar content by 31% compared with control (p ≤ 0.05). This
inhibition effect was only shown after the long-term aging process, compared with the results in
our previous study (Wang et al., 2020b). One reason could be the decreased nutrient element
accumulation of Ca, Fe, Zn and Mn in taproots. In previous studies of plants exposed to nano TiO2,
sugar and starch accumulation in basil leaves were significantly decreased (Tan et al., 2017b). In
wheat (Jaberzadeh et al., 2013) and chick pea (Hajra and Mondal, 2017), increased sugar and starch
contents were detected even at a relatively high dose of 1000 ppm. This also suggested an
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unneglected role that the aging process played on the effect of surface coated nTiO2 on plant sugar
and starch developments.

Fig. 4.5. Taproot (A) sugar and (B) starch contents of carrots exposed to 4-month-aged pristine,
hydrophilic, and hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average
of three replicates ±SE. Lowercase letters stand for statistical differences between different
compounds at the same concentration. Asterisks mean statistical differences between treatments
and control (p ≤ 0.05, n = 3).
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4.4. CONCLUSION
To our best knowledge, we investigated, for the first time, the effect of aged ENPs with
different surface coatings in natural soil on the development of carrot. Although the reactions
between the surface coatings and inorganic/bioorganic components in the soil are complex, and
NMs are hard to be tracked, this study provided insights to understand the aging process. The
pristine, hydrophilic, or hydrophobic surface-coated nTiO2 may go through different aging
pathways, thus, resulted in various responses of carrot plants, compared to the unaged treatments.
Different changes in surface charges were detected among the three nTiO2 after aging. This could
be a factor that resulted in the specific Ti uptake patterns: aged pristine nTiO2 at 400 mg/kg, elicited
an increased of Ti uptake by roots, while the accumulation of Ti in hydrophilic-coated nTiO2exposed plants was no longer detected. This may suggest a different change of biocompatibility
among the three nTiO2 after aging. The improved responses of taproot biomass, leaf fresh biomass,
plant height and nutrient elements accumulations in roots and leaves, indicated that the aging
process alleviated the phytotoxicity caused by the unaged nTiO2. Instead, the hydrophilic coated
nTiO2 at 400 mg/kg and the hydrophobic coated nTiO2 at 100 mg/kg, functioned as plant growth
stimulator, which resulted in higher taproot and leaf biomass, taproot length, and the top perimeter
compared with control (p ≤ 0.05). The accumulation of Ca, Zn, K and Fe in carrot roots or leaves,
and Mg in taproot flesh and core were increased by the exposure to aged nTiO2 with hydrophilic
or hydrophobic surface coatings; while in the aged pristine nTiO2 treatments, only the
concentration of Ca in roots was enhanced. Several inhibition effects were found in the
accumulation of Mn, Ca, Fe, Zn in taproot flesh or core of carrots that were treated by aged
hydrophobic nTiO2. Moreover, the formation of sugar and starch was reduced by the application
of aged surface-coated nTiO2. These results provide valuable data to understand how the aging
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process affected the interaction between surface-coated nanomaterials and taproot crops. It also
suggests a potential strategy to alleviate the phytotoxicity of released surface-coated nanoparticles;
and moreover, offers a sustainable method to turn them into potential stimulators for the growth
of plants. Instead of direct release into the soil, or direct application to plants, a simple aging
process might aid to overcome the detrimental effects that surface-coated nTiO2 have on
belowground vegetables. More studies on nTiO2 surface coatings characterization, and plants
genetic and metabolic changes are needed in the future to better understand plant molecular
responses to NPs exposure in soils.
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Chapter 5: Conclusion

In the first study, none of the Cu-based tested concentrations produced visible signs of
toxicity. Two-photon microscopy images demonstrated the Cu uptake in nCuO, and bCuO treated
roots. At all concentrations, nCuO and CuSO4 increased leaf allicin compared with control. The
antioxidant enzymes were differentially affected by the Cu-based treatments. Although nCuO
significantly increased root GPOX and leaf APOX, it reduced CAT in both roots and leaves.
Scallion plants exposed to nCuO improved their essential element (Ca, Fe, Mg, Mn, and Ni)
contents. Overall, the data suggest that nCuO at concentrations lower than 600 mg/kg may be used
as nanofertilizer for green onion production.
In the second and third studies, the content of Ti in plant secondary roots treated with
unaged nTiO2 at 400 mg/kg was in the order of hydrophobic > hydrophilic > pristine regarding the
respective treatments. The two-photon microscope images suggested an uptake pathway
independent of the surface coating chemistry of nTiO2. The growth of taproot was significantly
inhibited by all unaged nTiO2 forms. Remarkably, an abnormal increase of taproot splitting was
found. The accumulation of nutrient elements (Mg, Mn, and Zn) was decreased in taproots treated
with the unaged surface-coated nTiO2. On the other hand, most of these inhibition effects
disappeared after nTiO2 aging in soil. The aged nTiO2 with surface coatings improved plant
agronomic parameters and nutrient element accumulations. More stimulation effects were shown
by aged hydrophilic and hydrophobic-coated nTiO2 than the aged pristine nTiO2. These may be
related to the changes in surface charges on nTiO2 after aging. It suggested a potential strategy to
alleviate the phytotoxicity of released surface-coated nanoparticles; and moreover, offers a
sustainable method to convert them into potential stimulators for the growth of plants.
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Taking an overview of the three presented studies, the interaction between NPs and plants
depend on nanoparticles type/size, plant varieties, exposed conditions, and NP surface coatings.
Results in these studies provided valuable insights into the interaction of nCuO with green onion,
and surface-coated nTiO2 (aged and unaged) with carrot plants. The potential use of nCuO and
aged nTiO2 as nanofertilizers has been suggested in the agrosystem. Meanwhile, the potential risk
of releasing unaged nTiO2 into the environment has been emphasized. More studies at molecular
levels and considering the full terrestrial food chain are needed to evaluate the potential effect that
plants grown in ENMs-amended soils have on humans.
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Supporting material for Chapter 2-4
Table S2.1: Physiochemical characterization of nCuO and bCuO particles
Property
Primary particle size (nm)
Hydrodynamic diametera (nm)
Zeta potential (mV)a
Cu content (wt%)
Purity (%)
Other elements present
Shape, morphology
Main copper phase
Crystal structure

nCuO
20–100
280 ±15
−34.4 ±0.5
74.3
88.3 ±1.3
O, C
Rhombus, irregular
CuO
Monoclinic

bCuO
200–2000
376 ±26
−42.7 ±0.153
79.7
92.8 ±1.1
O
Prism, irregular
CuO
Monoclinic

a Measurement was performed at pH 7.

Table S2.2: The effect of two main independent variables (compound and concentration) and the
respective interactions on the uptake of Cu in roots, bulbs and leaves in plants exposed to nCuO,
bCuO or CuSO4 at 0, 75, 150, 300 and 600 mg/kg. (n = 3).
Tests of Between-Subjects Effects
Dependent Variable:

Root Cu
Type III Sum
of Squares
294115.826a
357141.035
272209.112
6562.306
15344.408

Source
df
Corrected Model
14
Intercept
1
Concentration
4
Compounds
2
Concentration *
8
Compounds
Error
14460.166 30
Total
665717.028 45
Corrected Total
308575.992 44
a. R Squared = .953 (Adjusted R Squared = .931)

Dependent Variable:
Source

Leaf Cu
Type III Sum
of Squares

df
89

Mean
Partial Eta
Square
F
Sig.
Squared
21008.273 43.585 .000
.953
357141.035 740.948 .000
.961
68052.278 141.186 .000
.950
3281.153
6.807 .004
.312
1918.051
3.979 .003
.515
482.006

Mean
Square

F

Sig.

Partial Eta
Squared

a

Corrected Model
1193.251
14
85.232
9.054
Intercept
13820.919
1 13820.919 1468.192
Concentration
451.014
4
112.753
11.978
Compounds
131.209
2
65.604
6.969
Concentration *
611.029
8
76.379
8.114
Compounds
Error
282.407 30
9.414
Total
15296.577 45
Corrected Total
1475.658 44
a. R Squared = .809 (Adjusted R Squared = .719)

Dependent Variable:

Blub Cu
Type III Sum
of Squares
581.668a
5092.916
499.105
31.195
51.369

Source
df
Corrected Model
14
Intercept
1
Concentration
4
Compounds
2
Concentration *
8
Compounds
Error
240.610 30
Total
5915.194 45
Corrected Total
822.278 44
a. R Squared = .707 (Adjusted R Squared = .571)

90

.000
.000
.000
.003
.000

Mean
Square
F
Sig.
41.548
5.180 .000
5092.916 635.001 .000
124.776 15.558 .000
15.597
1.945 .161
6.421
.801 .607
8.020

.809
.980
.615
.317
.684

Partial Eta
Squared
.707
.955
.675
.115
.176

(a)

(b)

(d)

(c)

Fig. S2.1: Plant height (a), fresh biomass (b), single leaf weight (c) and water content (d) of
scallion plants grown under nCuO, bCuO, and CuSO4 treatments. Data are averages of three
replicates ±standard error (SE). Lowercase letters stand for statistical differences between
among different compounds at same concentration. Uppercase letters represent significant
differences among different concentrations of the same compounds (p ≤ 0.05, n = 3).
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(a)

(b)

(c)

Fig. S2.2: Plant leaf chlorophyll a (a), chlorophyll b (b) and total carotenoid content of scallion
plants grown under nCuO, bCuO, and CuSO4 treatments. Data are averages of three replicates ±
standard error (SE). Lowercase letters stand for statistical differences among different
compounds at same concentration. Uppercase letters indicate significant differences among
different concentrations of the same compounds (p ≤ 0.05, n = 3).

Table S3.1. Physical characterization of nano-TiO2 (Tan et al., 2017).
Properties

Nanoparticles
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Technique

Pristine TiO2

Hydrophobic
TiO2

Hydrophilic TiO2

Size (nm)

TEM

50 ±25

50 ±25

50 ±25

Crystal phase

XRD

Tetragonal, rutile

Tetragonal, rutile

Tetragonal, rutile

Morphology

TEM

Elongated

Elongated

Elongated

Surface area
(m2/g)

BET

30 ±10

47.6 ±1.0

55.7 ±2.0

DLS

341 ±10

261 ±5

282 ±7

DLS

-14.5 ±0.5

27.0 ±0 .9

26.9 ±0.5

TGA

99.9

97.1

95.9

Hydrodynamic
size (nm)
Zeta potential
in DI water
(mV)
Purity (wt. %)
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(A)

(B)

(C)

Fig. S3.1. Hydrodynamic size distribution of (A) hydrophobic, (B) pristine, and (C) hydrophobic
nTiO2 particles suspended in MW.
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Fig. S3.2. Taproot core diameter (cm) of carrots exposed to pristine, hydrophilic, and
hydrophobic coated nTiO2 at 0, 100, 200 and 400 mg/kg. Data are the average of three replicates
±SE. Lowercase letters stand for statistical differences between different compounds at the same
concentration. Asterisk represent significant differences with respect to control (p ≤ 0.05, n = 3).

Fig. S3.3. The inserted pictures correspond to (A) pure pristine, (B) pure hydrophilic and (C)
pure hydrophobic coated nTiO2 suspension in DI.
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